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3 Breeding and Genetics 
KENNETH P. VOGEL 
USDA-ARS 
Lincoln, NE 
BYRON L. BURSON 
USDA-ARS 
College Station, TX 
Plant breeders manipulate the genetic resources of a species, that is, its germplasm, 
to produce plants that have increased value to humanity. Plant breeding is human-
directed evolution. All of our major food crops and their respective strains or cul-
tivars were developed by this process. Although humans have successfully manip-
ulated the genetic resources of plants for several thousand years, the science of 
genetics and breeding was not developed until the 20th century. Initially, plant ge-
netics research was conducted on human food plants such as maize (Zea mays L.), 
wheat (Triticum aestivum L.), and pea (Pisum sativum L.). 
Forage crop breeding did not began until the early part of the 20th century. 
Initial work was focused on developing strains that had improved establishment ca-
pability, persistence, high forage yields, and good insect and disease resistance. 
These are essential attributes of cultivated forages (Burton, 1986). Breeding research 
on grasses was initially focused on cool-season species (C3) but was soon ex-
panded to warm-season grasses (C4). The initial breeding work on warm-season 
grasses began in the mid-1930s as a result of efforts to reseed land damaged by the 
drought and subsequent "dust bowl" in the Great Plains of the USA and to restore 
land damaged by poor farming practices in other areas of the USA. Initial breed-
ing work on warm-season grasses resulted in the development of cultivars such as 
'Coastal' bermudagrass [Cynodon dactylon (L.) Pers.] and 'Nebraska 28' switch-
grass (Panicum virga tum L.). Limited animal evaluation was involved in the devel-
opment of these cultivars. Since the initial, pioneering breeding work began on C4 
grasses, a significant array of warm-season grass cultivars of numerous species has 
been developed for forage, pasture, and turf. This breeding work was supported by 
numerous genetic studies on the breeding behavior of warm-season grasses and on 
the development of improved breeding systems. Information developed from more 
than 70 yr of warm-season grass breeding and genetic research on effective meth-
ods of improving warm-season grasses by using "man-directed evolution" includ-
ing molecular breeding technologies will be summarized. 
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REPRODUCTIVE BEHAVIOR 
Breeding systems that can be used effectively to improve a species are deter-
mined more by a species' mode of reproduction than by any other factor (Allard, 
1964). Only a few forage grasses reproduce via self-pollination and they are pri-
marily cool-season grasses (Hanson and Carnahan, 1956). Breeding systems for self-
pollinated forage grasses are adapted from self-pollinated crops such as wheat and 
will not be discussed in this chapter. Most perennial warm-season grasses repro-
duce either sexually via wind-aided cross-pollination or asexually by apomixis or 
via stolons and rhizomes (Hanson and Carnahan, 1956; Poehlman, 1987). Many of 
the grasses that reproduce apomictically originate in tropical or subtropical regions. 
A temperate exception is Kentucky bluegrass (Poa pratensis L.) which is highly 
apomictic. Breeding systems for improving apomictic species are unique and in gen-
eral are not useful for improving sexual species. 
The initial step in grass breeding is to develop basic information about the 
reproductive biology of the species on which breeding work is to be initiated. For-
tunately, this information has already been determined for many important species 
and the initial research should involve a thorough literature search. For species for 
which no information is available, some very basic tests can be conducted to de-
termine the mode of reproduction (Allard, 1964). The first step is to determine if 
the plants are largely self- or cross-pollinated or apomictic. This can be determined 
by bagging inflorescences prior to pollination or physically isolating plants. If seed 
set is lacking or greatly reduced, the species is probably cross-pollinated and self-
incompatible. If seed is produced and the progeny are phenotypically very similar 
in appearance, the plants are either self-pollinators or apomictic. When limited seed 
is produced and the progeny are phenotypically variable, the parent plants were likely 
heterozygous plants of a primarily cross-pollinated species with some self fertil-
ity. If the species are self-pollinated, plants can be emasculated and intermated with 
other unrelated plants of the same species. If the parent plants were homozygous 
developed by generations of self-pollination, all first generation or F 1 plants will 
be phenotypically similar but subsequent segregating generations will produce 
plants that differ genetically and in phenotypic appearance. However, apomictic 
plants, when emasculated and crossed to other genotypes will produce uniform prog-
eny identical to the maternal genotype in subsequent generations. More compre-
hensive testing will be needed to determine the type of apomixis (see section on 
apomixis in this chapter). Additional testing also will be needed to determine the 
extent of out crossing and selfing in sexual species. In grasses, cross-pollination 
largely occurs via wind pollination. 
Sexual Reproduction 
An understanding of megasporogenesis and megagametogenesis in sexual 
plants is essential in distinguishing the embryological development in sexual plants 
from that in apomicts. In sexual reproduction, the megaspore mother cell differen-
tiates from a cell in the hypodermal layer of the nucellus in the micropylar end of 
a developing ovule. This cell enlarges and undergoes meiosis to produce four 
megaspores or a tetrad. The meiotic divisions normally occur in a linear manner 
and the four megaspores usually are oriented in a straight line and are called the 
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linear tetrad. Because these four cells are the products of meiosis, their chromosome 
number is reduced from 2n to n and the composition of each chromosome is altered 
because of crossing over between the chromatids and the random distribution of the 
parental chromosomes. 
Shortly after the tetrad forms, the three members nearest to the micropyle do 
not enlarge but eventually degenerate, while the chalazal (most distant from the mi-
cropyle) cell remains active and enlarges. This cell is called the functional megas-
pore. Its nucleus divides mitotically and the daughter nuclei undergo two additional 
mitotic divisions to produce an eight -nucleate embryo sac (female gametophyte or 
megagametophyte). Because the functional megaspore is haploid, all nuclei in the 
mature megagametophyte also have a reduced chromosome number. The eight nu-
clei differentiate as an egg cell, two synergids, two polar nuclei, and three antipo-
daIs and the megagametophyte is of the Polygonium classification. Near the cen-
ter of the sac, the polar nuclei are surrounded by a large vacuole and this structure 
is called the central cell. The three antipodals in the chalazal end of the sac usually 
divide to produce additional antipodals. The amount of antipodal proliferation 
varies for species and even for different genotypes within the same species. See 
Greenham and Chapman (1990) for more information. Development of the female 
gametophyte in apomictic species is described in the section on apomixis. 
Inflorescence Structure and Physiology 
Grass inflorescence structure and physiology can determine if a species is self-
or cross-pollinated (Allard, 1964). Dioecious species such as buffalograss [Buchloe 
dactyloides (Nutt.) Engelm.] that have staminate and pistillate flowers on different 
plants are of necessity, cross-pollinated. Monoecious species such as eastern gam-
agrass [Tripsacum dactyloides (L.) L.] which have staminate and pistillate flowers 
borne separately on the same plant also are cross-pollinated. Differences in time of 
pollen and pistil maturity also can result in outcrossing. Restrictions on outbreed-
ing which enhance inbreeding usually involve c1eistogamy or bud fertilization. In 
grasses, cleistogamy usually involves fertilization while the inflorescence is still in 
the sheath or at the boot stage of development (Moore et aI., 2004, this publication). 
Sterility Mechanisms 
Sterility mechanisms or self-incompatibility mechanisms in plants enforce 
cross-pollination in plants with perfect flowers. Incompatibility in plants can be de-
fined as the inability of functional male and female gametes to produce normal seed 
following mating (Brewbaker, 1957; de Nettancourt, 1977). In grasses this in-
cludes not only the inability to produce embryos, but also the inability to produce 
normal endosperm. In flowering plants, a specific pollen grain is recognized as com-
patible or incompatible by a genetically specific style (Dodds et aI., 1997). If the 
pollen is incompatible, it will be rejected and will fail to effect fertilization. Self-
incompatibility can be gametophytic or sporophytic. It is gametophytic if the in-
compatibility phenotype of pollen is determined by its own alleles, and sporophytic 
if the incompatibility phenotype of the pollen is determined by the genotype of the 
plant producing pollen (Brewbaker, 1957; de Nettancourt, 1977; Dodds et aI., 
1997). Self-incompatibility has been reported in many members of the Poaceae. 
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Self-incompatibility in most grasses studied to date is determined by the ac-
tion of two independently segregating, poly allelic genes, Sand Z (Lundqvist, 1956; 
Hayman, 1992; Dodds et aI., 1997). The pollen grain is specified gametophytically 
by the complementary interaction of Sand Z genes. A pollen grain will be incom-
patible with a style that has the same alleles. The S-Z self-incompatibility system 
is not broken down by polyploidy. In polyploids, not all alleles of the pollen need 
to be matched in the style to produce an incompatible reaction, any S-Z allelic com-
bination present in the pollen grain, which also is present in the style, is sufficient 
to produce incompatibility (Lundqvist, 1957). The S-Z incompatibility system is 
thought to be characteristic of the Poaceae as a whole but only a limited number of 
species have been studied thoroughly (de Nettancourt, 1977; Heslop-Harrison 
1982; Hayman, 1992). The percentage of seeds produced or seed set can be used 
as an index of compatible pollinations in genetic analyses of the incompatibility sys-
tems. Environmental conditions including effects of bagging under which the seed 
is obtained may reduce seed set. Diallel intermating or other methods using recip-
rocal crosses can be used to test for the presence of both compatible and incompat-
ible pollen in a cross (gametophytic control) and the involvement of more than one 
locus (Weimarck, 1968; Hayman, 1992; Martinez-Reyna and Vogel, 2002). Results 
of a recent study in switchgrass indicate that this species has a gametophytic incom-
patibility system that is similar to the S-Z system (Martinez-Reyna and Vogel, 2002). 
In addition to pre-fertilization incompatibility, post-fertilization incompati-
bility occurs in some grasses which prevents normal seed production when plants 
of different ploidy levels within a species are intermated (Griffiths et aI., 1971; Mar-
tinez-Reyna and Vogel, 2002). Incompatiblity also occurs in intraspecific crosses 
between plants with different ploidy levels (Norrmann et aI., 1994). In post-fertil-
ization incompatibility, the sterility is largely due to poorly developed endosperm, 
that is, the endosperm is shriveled and has sparse starch formation (Norrmann et 
aI., 1994; Martinez-Reyna and Vogel, 2002). The Endosperm Balance Number 
(EBN) concept proposed by Johnston et aI. (1980) to explain endosperm develop-
ment in both interploidy, intraspecific and interspecific crosses fits the results ob-
tained to date in grasses such as switchgrass (Martinez-Reyna and Vogel, 2002). 
Endosperm and embryo EBN must be in a 2: I ratio to obtain normal, fully func-
tional seed. 
As a result of self-incompatibility systems, most perfect flowered, cross-pol-
linated C4 grasses produce little or no seed when self-pollinated. Breeders are sub-
sequently forced to use breeding methods and procedures that do not require self-
pollination. Post-fertilization incompatibility between ploidy levels within a species 
makes it necessary for breeders to determine ploidy levels of the germplasm in their 
breeding programs so that plants with the same ploidy levels are selected and in-
termated. If this is not done, subsequent fertility problems will greatly inhibit 
breeding progress. 
Cytological Behavior and Chromosome Number 
Most C4 grasses are cytologically complex and have a range of chromosome 
numbers; therefore, it is important that the chromosome number and meiotic chro-
mosome behavior of a species is known before any germplasm is used in a breed-
BREEDING AND GENETICS 55 
ing program. It is not unusual for a genus, especially larger genera, to have more 
than one base chromosome number. For example, the genus Paspalum has two base 
numbers, x = 6 and 10, but most species have a base number of 10. Other genera 
are even more complex in that Panicum has base numbers of 8,9, and 10 and Pen-
nisetum has 5, 7, 8, and 9 (Burson and Young, 2001). In the genus Panicum, switch-
grass (Vogel, 2004, this publication), guineagrass (Panicum maximum Jacq.) (Muir 
and Jank, 2004, this publication), and vine-mesquite (Panicum obtusum Kunth) (Tis-
chler and Ocumpaugh, 2004, this publication) have different base numbers. 
Polyploidy is common in C4 grasses and often results in a range of chromo-
some numbers within the same species. For example, bahiagrass (Paspalum nota-
tum Flugge) has cytotypes with 20,30,40, and 50 chromosomes (Tischler and Bur-
son, 1995) and red oatgrass or kangaroograss (Themeda triandra Forssk.) has 
chromosome numbers of 2n = 20, 30, 40, 50, and 60 (de Wet, 1960). Reported chro-
mosome numbers for switchgrass range from 2n = 2x = 18 to 2n = 12x = 108 
(Nielsen, 1944) but more recent reports indicated that almost all currently evalu-
ated germplasm accessions and cultivars are either tetraploids or octaploids (Hop-
kins et aI., 1996; Hultquist et aI., 1996, 1997; Lu et aI., 1998). Details on ploidy 
levels of other C4 grasses can be found in the chapters addressing specific genera 
and species. 
Knowledge of the ploidy level of the germplasm in a breeding program is im-
portant because a trait that may be simply inherited in a diploid may appear to be 
inherited in a quantitative manner in a hexaploid or octaploid simply because of the 
number of genes segregating. In polyploids, there is the potential to have quadrava-
lent or higher levels of chromosome pairing at meiosis that can affect the inheri-
tance of traits. Most quantitative genetics analysis procedures are based on the as-
sumption of normal diploid meiosis and Mendelian segregation. If normal diploid 
pairing does not occur during meiosis of a sexual species, quantitative genetic in-
heritance studies based on the use of diploid models will produce unreliable results. 
Many polyploid sexual grasses such as switchgrass, big bluestem (Andmpogon ger-
ardii Vitman.), and indiangrass [Sorghastrum nutans (L.) Nash] behave meiotically 
as diploids (Riley and Vogel, 1982). For grasses and grass accessions in which the 
ploidy level has not been determined, geneticists should determine both ploidy level 
and meiotic behavior in the initial stages of a breeding program. 
Ploidy level can be determined using classical cytogenetic procedures or in-
directly using procedures that measure DNA content such as flow cytometry (Hop-
kins et aI., 1996; Hultquist et aI., 1996, 1997; Lu et ai., 1998). Cytogenetic analy-
ses must be conducted to determine the meiotic chromosome pairing behavior. 
Meiosis is usually regular in diploids and the chromosomes pair as bivalents dur-
ing diakinesis and metaphase 1. They segregate normally to the poles during 
anaphase and each nucleus rcceives a complete complement of chromosomes. 
Lagging chromosomes usually are not present during anaphase I or II and micronu-
clei are absent at telophase I or II. Pollen viability is usually high in diploid plants. 
Meiosis is more irregular in most polyploids. The chromosome pairing behavior 
during meiosis I depends upon how the species originated. The C4 grasses are al-
lopolyploids, autopolyploids, or segmental allopolyploids. The chromosomes pair 
primarily as bivalents in allopolyploids; however, autopolyploids usually have a high 
frequency of multivalent associations during meiosis I. The chromosomes of seg-
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mental allopolyploids usually associate primarily as bivalents with a few multiva-
lents. An understanding of the meiotic behavior of a species provides information 
about the type of a polyploid that it is, which is important because the type of poly-
ploidy influences the inheritance and expression of genetic traits. 
Polyploids, especially autopolyploids and segmental allopolyploids, tend to 
have more lagging chromosomes during anaphase because the disjunction of mul-
tivalents is not always regular. Some lagging chromosomes are not included in the 
daughter nuclei and consequently these gametes do not have a full haploid com-
plement of chromosomes. This reduces pollen viability and causes sterility. This 
irregular meiosis also is how aneuploid offspring are often produced. In contrast to 
important C3 grasses such as the wheatgrasses (Triticeae) (Dewey, 1984) the ge-
nomic structure of many polyploidy warm-season grasses is unknown. To effectively 
use and conserve the genetic resources of warm-season forage grasses, research on 
their genomic structure is needed. Aneuploids also are frequently encountered in 
polyploid C4 grasses. Aneuploids result from irregular meiosis and the resultant ga-
mete is missing one or two chromosomes or has one or two extra chromosomes. 
Gametes with an unbalanced number of chromosomes normally are not as compet-
itive as those with a balanced number and usually are not involved in syngamy. How-
ever, occasionally an aneuploid gamete is involved in fertilization and an aneuploid 
offspring is produced. Aneuploids often occur in agamic complexes where sexual 
and apomictic types readily hybridize. Apomixis provides a means for maintain-
ing the unbalanced chromosome number and propagating the aneuploid plants from 
one generation to the next. Apomictic sideoats grama [Bouteloua curtipendula 
(Michx.) Torr. var. caespitosa Gould & Kapadia] has a range of aneuploid chromo-
some numbers extending from 2n = 58 to lO3 (Gould, 1975). Aneuploids also have 
been reported in naturally occurring germplasm of blue grama [Bouteloua gracilis 
(H.B.K.) Lag. ex Steud.] (Snyder and Harlan, 1950), buffelgrass {Pennisetum cil-
iare (L.) Link [syn. Cenchrus ciliaris L.]} (Fisher et aI., 1954; Visser and Spies, 
1998), and others. Aneuploids should be eliminated from breeding programs of sex-
ual species because progeny of aneuploids are not genetically stable and can reduce 
the efficiency of the improvement program. 
GERMPLASM SOURCES 
Genes that are available for plant breeders to manipulate using conventional 
breeding methods are those that a species has accumulated during its evolutionary 
history. Genetic variation (or variation among plants of a species for specific alle-
les and their frequency) exists among germplasm collected from specific regions 
(ecotype variation), among accessions of an ecotype (population variation), among 
plants of a population collected from a specific site (within popUlation genetic vari-
ation) (Eberhardt and Newell, 1959; Vogel and Pedersen, 1993; Hopkins et aI., 
1995). The natural genetic variation that can be used by plant breeders to improve 
warm-season grasses is the ecotypic and among and within population genetic vari-
ation that exists within these species. Genetic studies summarized by Vogel (2000) 
indicate that substantial genetic variation exists in most grasses for all traits eval-
uated to date. The germplasm resources for a species that are available for use by 
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plant breeders can be from ex situ or in situ sources. Ex situ germplasm resources 
are seed banks such as exist in the USDA National Plant Germplasm System. In 
situ resources are regions or sites where the species occurs naturally and these can 
be in either private or public ownership. There is an increasing amount of land in 
a "preserved" status or ownership that is owned by governments or conservation 
societies such as the The Nature Conservancy. Ex situ germplasm sources can often 
be easily accessed while in situ sites require collection trips or expeditions depend-
ing on their scale. 
Plants of C4 perennial grasses, especially temperate species, are often pho-
toperiod sensitive which results in genetic differentiation within species. Their pho-
toperiod requirement is based on the latitude where they evolved. Switchgrass, for 
example, requires short days to induce flowering (Benedict, 1941). Moving north-
ern ecotypes south gives them a shorter than normal photoperiod and they flower 
early (Cornelius and Johnston, 1941; McMillian, 1959). The opposite occurs when 
southern ecotypes are moved north, and as a result, they remain vegetative longer 
and produce more forage than northern strains moved south (Newell, 1968). The 
photoperiod response also appears to influence winter survival. Southern types 
moved too far north will not survive winters because they stay vegetative too late 
in the fall. Other warm-season grasses native to North America or other continents 
also respond to photoperiod but the type and degree of response varies with species. 
The response to photoperiod can be modified by growing degree days to some ex-
tent because the flowering date of cultivars will vary from year to year. In addition 
to photoperiod, the other factor that determines specific adaptation is response to 
precipitation and the associated humidity. The germplasm base for any grass breed-
ing program must be from material that is adapted to latitude and climatic condi-
tions where the cultivar products of the breeding program will be used. 
PHASES OF A GRASS-BREEDING PROGRAM 
Perennial grass breeding involves several phases including germplasm col-
lection and evaluation, multi-generation breeding and selection, small plot trials eval-
uation trials that are often conducted at multiple locations, and grazing trials for per-
formance evaluation of advanced strains before they are released as cultivars (Table 
3-1). Each phase can last several years. In the example shown in Table 3-1 for a 
temperate warm-season grass such as switchgrass, the cultivar development period 
can take 20 yr. Germplasm collection and evaluation and the breeding phases are 
usually recognized as important components of forage grass cultivar development 
programs but the evaluation phases including grazing trials are equally as impor-
tant. 
Germplasm Collection, Evaluation, and Ecotype Selection 
Breeding work on a specific grass usually is initiated to meet an agricultural, 
turf, or conservation need for a specific region. If no prior breeding work has been 
done with a species, it is necessary to collect, assemble, and evaluate germplasm 
for the specified region. This process, if properly conducted using a system that we 
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shall call "ecotype selection", can lead to the rapid development and release of ex-
cellent cultivars (Vogel and Pedersen, 1993). This breeding system was not devel-
oped by any single individual but evolved over time. 
As an example, we will use the development of switchgrass cultivars for the 
north central states of the USA. This region prior to settlement was covered by tall-
grass prairie, and switchgrass was one of the dominant species of that prairie. Al-
though much of the prairie has been plowed, remanent sites exist throughout the 
region from which germplasm can be collected. The genetic variation that existed 
among plants in the original prairie consisted of between and within ecotype or en-
demic strain variability. The genetic variation was created over time by the evolu-
tionary forces of mutation, migration, selection, and random drift or chance (Fal-
coner, 1981). 
Ecotype selection is initiated by collecting an array of accessions for the spec-
ified region. For native species such as switchgrass, the germplasm is collected from 
the target region. For introduced grasses, germplasm is collected and assembled from 
areas of the world that are climatic analogs of the target area. Both native and in-
troduced accessions can be obtained by direct collections or from previous collec-
tions stored in germplasm banks. Such germplasm is usually collected as seed, but 
in some situations, plants also have been collected and moved to evaluation nurs-
eries. Collecting plants is less desirable than collecting seed because it is easier to 
capture the genetic diversity from a site by collecting seed at random from cross-
pollinated plants than by digging up a limited number of plants. It also takes less 
work. The only reason for collecting plants is if seed production only occurs spo-
radically in native sites. 
Collecting and bulking seed from many plants at a collection site is prefer-
able to collecting and maintaining seed collections from individual plants for cross-
pollinated grasses since the objective is to obtain a representative sample of the genes 
at a site. Collecting seed from individual, highly heterozygous plants at a collec-
tion site reduces the amount of seed that can be collected and can result in much 
unnecessary work in seed processing, cataloguing, evaluation, and maintenance. A 
possible rationale for collecting seed from individual plants would be that the col-
lector wants to study the genetic variation at the site for specific traits. However, it 
is possible to derive the same information using bulk seed lots in properly designed 
experiments. In our example, we collect seed in bulk from remanent prairie sites 
identified in Fig. 3-1. The collected or acquired germplasm is then evaluated in repli-
cated evaluation trials. When many grass-breeding programs were initiated in the 
1930s through the 1950s, these evaluation nurseries were seeded in single row plots. 
A preferred practice is to start seedlings in greenhouses from the collected seed and 
then transplant seedlings into space-planted plots in evaluation nurseries. Seed sup-
plies are often limited. Collected seed is often uf luw quality and accessions may 
differ greatly in seedling vigor because of varied environmental conditions at the 
collection sites. In addition, space-planted evaluation plots give the breeder an op-
portunity to observe the relative amount of within accession phenotypic variation 
and to make within accession selections in the original evaluation trials. 
Depending on breeding resources, evaluation of germplasm can be con-
ducted at a single location or multiple locations. For a large geographic area such 
as the north central USA, multiple evaluation sites are preferred. In the switchgrass 
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example, single row plots containing 10 plants with two to four replicates per lo-
cation were used. Because persistence is essential for perennial species, the eval-
uation trials should be conducted for several years. The type of data collected will 
vary with species and objectives. Data from evaluation nurseries are used to select 
the best ecotypes or accessions and in some instances, superior plants within the 
best accessions also are selected. Selected accessions or plants can be moved to poly-
cross or seed increase nurseries by vegetative propagation simply by moving clonal 
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Fig. 3-1 . Ecotype or naturalized strain selection and breeding procedure. 
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pieces or ramets of selected plants. Seed of the best ecotypes can be increased in-
dividually without any additional selection for advanced testing in solid seeded 
(sward) plots in replicated trials. These trials should be conducted at sites through-
out the potential area of adaptation. Some of the most productive and widely grown 
grass cultivars including 'Cave-in-Rock' and 'Blackwell' switchgrass were devel-
oped as direct increases of single accessions (Alderson and Sharp, 1994). When ac-
cessions are increased for release without additional selection, only among acces-
sion genetic variation is used. If selection is made within accessions and the best 
plants are used to produce a new strain via polycrossing, both within and among 
accession genetic variation is used. Strains produced by polycrossing also require 
testing in replicated trials before release. 
The ecotype breeding system described above or modifications of it, have been 
used by state and federal research programs to produce the initial varieties for most 
of the perennial cross-pollinated grasses currently being used in the USA. It also 
has been used to identify and release many of the cultivars of apomictic species. 
This system is still being widely used by the Plant Materials Centers of the Natural 
Resources Conservation Service, USDA to develop cultivars of native grasses for 
specific conservation needs. It is the recommended method for developing culti-
vars of native grass species in developing countries. This system also is the preferred 
method to develop populations that can be used in breeding systems that will be 
used to produce subsequent generation of improved cultivars. Selected plants from 
superior accessions can be randomly mated in polycross nurseries to produce Syn 
1 seed of a population. The population should be advanced by one or more addi-
tional generations of random mating. The resulting population should be suitable 
for use in the breeding systems described in the following sections. The importance 
of two or more generations of random mating before initiating breeding work with 
a synthesized population cannot be over emphasized. The populations should be at 
random mating equilibrium as defined by Falconer (1981) so that phenotypic dif-
ferences among plants of a population are due to additive genetic effects rather than 
heterotic effects. Equations for calculating the potential disequilibrium are given 
by Falconer (1981). 
Breeding Sexual Species 
Sexual grasses have similar reproductive characteristics which were de-
scribed by Poehlman (1987) and Hanson and Carnahan (1956). The grasses are 
cross-pollinated in nature by wind and are largely self-incompatible which re-
stricts the use of breeding systems using self-pollinations. For species in which some 
degree of self-pollination is possible, inbreeding rapidly reduces vigor and repro-
ductive potentia1.lt has not been possible to develop and maintain inbred lines. The 
grasses have smaIl floral parts, making hand emasculation tedious and difficult. Field 
scale methods of emasculating plants have not been developed. Cytoplasmic male 
sterility systems have not been developed except for a few annual, diploid forage 
grasses. Many of the grasses are polyploids which complicates inheritance of traits. 
Most traits are controlled by numerous genes. Few genes have been determined or 
mapped due to complex inheritance and the inability to self-pollinate plants. Peren-
nial plants can be vegetatively propagated by stolons, rhizomes, tillers, or buds on 
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culms. Individual plants can be replicated and subjected to multiple year evalua-
tions. Individual plants in populations are highly heterozygous. Quantitative genetic 
studies that have been completed to date indicate substantial additive genetic vari-
ation exists in most grasses for most agronomic traits (Vogel et aI., 1989; Burton, 
1989a; Meyer and Funk, 1989). Plants are used in thickly seeded stands or swards 
as forages or turf grasses. Individual plant selection is not possible under these con-
ditions. Evaluation and selection is usually done in space-planted nurseries. 
The two main components of the plant breeding process are selection and hy-
bridization. Selection of the plants to be mated is the critical component of the con-
ventional breeding process because breeders evaluate phenotypes to select superior 
genotypes. The other component, hybridization or mating, can usually be done in 
a routine manner although for some species the procedures are tedious and require 
a high degree of skill (Fehr and Hadley, 1980; Martinez-Reyna and Vogel, 1998). 
Breeding systems have been developed and continue to be developed that can be 
used to improve virtually all forage species. Recent reviews have described the rel-
ative theoretical and practical efficiencies of these systems (SIeper, 1987; Vogel and 
Pedersen, 1993). Forage breeders have an array of breeding procedures that they 
can use to improve forage species. 
A few basic equations can be used to express many of the concepts involved 
in plant breeding (Allard, 1964; Falconer, 1981). Assuming selection is conducted 
on an individual plant basis, the heritability estimate (h/) for a trait "x" (Eq. [1]) 
is the ratio of the additive genetic variation (O"ax 2) for that trait divided by the phe-
notypic variance (O"p2) (Falconer, 1981). Except for a few forage species for which 
it is possible to produce commercial FI hybrids, forage breeders have to use addi-
tive genetic variation. Breeding progress using additive genetic variation is due to 
the "additive" effects of increasing the frequency of desirable genes in plants or plant 
populations. Additive genetic variation is used as the numerator in Eq. [1] to pro-
vide an estimate of heritability in the narrow sense. Plant breeders and geneticists 
use various mating and evaluation strategies to obtain estimates of the additive ge-
netic and phenotypic variance (Hallauer and Miranda, 1981). Narrow-sense heri-
tability estimates are used to predict gain from selection and also provide an esti-
mate of the proportion of the total variation for a trait that can be attributable to 
genetic differences among individuals or families. Heritability estimates can range 
from 1.0 for a trait such as eye color that is not affected by environment to <0.10 
for traits that are highly influenced by environment variables. 
[1] 
[2] 
[3] 
Gain from selection for a trait is the gain that is achieved by selecting indi-
viduals for that trait and intermating the selected plants to produce their progeny. 
The mean difference between the progeny of selected and unselected plants is the 
realized gain from selection. The expected or predicted gain from selection (Gx) for 
trait "x" is the product of the standardized selection differential (i), the square root 
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of the heritability of the trait (hx), and the square root of the additive genetic vari-
ation (O"aJ (Eq. [2]). The standardized selection differential is simply the propor-
tion of selected plants expressed in units of standard deviations from the mean. Ge-
netic gain that can be achieved in a single breeding cycle is dependent upon the 
relative magnitude of the factors in Eq. [2]. 
Selection for one trait can have an effect on another trait if the traits are ge-
netically correlated. The expected correlated response (CGx) for trait "x" if selec-
tion is practiced for trait "y" is given in Eq. [3]. The genetic correlation is (rxy)' If 
the genetic correlation is large and the heritability for trait y is also large, then sub-
stantial gains from selection can be achieved for a particular trait by indirect selec-
tion for the correlated trait. Indirect selection can be as effective as direct selection 
if hy is 25% larger than hx and the genetic correlation is 0.8 or larger. Correlated 
responses to selection can be important in breeding for improved digestibility in 
terms of selection criteria. Marker assisted selection can be extremely effective if 
the correlation between the molecular marker (y) and the phenotypic trait (x) is large 
because heritability for a molecular marker (trait y) is usually 1.0 as is the additive 
genetic variation (see following section on marker assisted selection). When selec-
tion is practiced for a single trait such as high yield, it can have a negative effect 
on other traits such as protein concentration if the genetic correlation between yield 
and protein concentration is negative. 
Plant breeders are often interested in simultaneously improving several traits. 
The three basic methods for improvement of more than one trait by breeding are 
selection indexes, independent culling, and tandem selection (Baker, 1986; Wricke 
and Weber, 1986). In tandem selection, a trait is selected until it reaches a targeted 
level and then breeding work is initiated on the next trait. Tandem selection is ba-
sically a trait by trait improvement method. With independent culling, minimum 
thresholds are established for each trait and only individuals that have all traits of 
interest above the culling level for each specific trait are selected for mating. With 
selection indexes, a single score is developed which is a summation of merits and 
demerits of an individual or family for the desired traits. It allows economic weights 
to be assigned to each trait of interest. Limited genetic information about the se-
lection populations is needed for tandem selection and independent culling. Selec-
tion indexes, however, require information on the genetic variances and co-variances 
of the traits of interest and also relative economic weights (Baker, 1986). 
A selection index can be expressed as: 
[4] 
where Pn represents the observed phenotypic value of the nth trait and bn is the 
weight assigned to the trait in the selection index. The index value is an estimator 
of the genotypic worth or value of the genotype. To obtain the "b" values, a set of 
simultaneous equations must be solved that contain the phenotypic and genetic vari-
ances and co-variances of each trait and relative economic weights (Baker, 1986). 
The phenotypic and genetic variances and co-variances can be obtained from struc-
tured genetic studies. The economic weights have to be developed from economic 
analysis in which the relative value of specific traits to the per unit value of the final 
product is determined. 
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Developing relative economic weights for traits can range from being rela-
tively straight forward and simple to very complex and difficult. If the traits of in-
terest are for the same aspect of a product such as oil and protein concentration of 
soybean [Glycine max (L.) Merr.], then the relative value of oil and protein in the 
marketplace can serve as the economic weights. It becomes more complex if two 
or more traits relate to different aspects of the same product. For example, increas-
ing biomass yield of a grass is desirable because it can increase total return per 
hectare if sold by weight without regard to quality. Increasing digestibility by de-
creasing lignin concentration is desirable for the livestock manager that is feeding 
the hay. However, genetically decreasing lignin concentration may result in de-
creased biomass yields. This has occurred in switchgrass as the result of selection 
for high in vitro dry matter digestibility (IVDMD) (Casler et al., 2002). The ques-
tion that has to be answered is what are the relative economic values of yield vs. 
digestibility or other traits. This question needs to be answered to effectively use 
selection indexes. To date, other than for yield and improved forage digestibility 
(Casler and Vogel, 1999), forage management specialists, grass breeders, and econ-
omists have not worked together to determine the relative economic value of dif-
ferent traits. This has limited the effective use of selection indexes in grass breed-
ing. 
The stability of a trait over environments is important because it will influ-
ence the area of adaptation of an improved cultivar. Breeders can obtain estimates 
of the genotype x environment interactions by growing cultivars or experimental 
strains in an array of environments. Variance component analyses and regression 
procedures are used to determine the relative magnitude of genetic, environment, 
and genotype x environment interaction (GxE) effects. If genetic effects are sig-
nificant and GxE effects are nonsignificant for a specific trait even though environ-
ment effects are large, then the trait is stable over the tested environments. If GxE 
effects are larger than genotypic effects, it may be necessary for breeders to develop 
cultivars for specific environments or regions. 
Breeding Systems for Cross-Pollinated Grasses 
The most effective breeding systems for cross-pollinated forage grasses are 
those that do not require hand emasculation or crossing, take advantage of the peren-
nial nature of the plants and their ability to be vegetatively propagated, and which 
use additive genetic variation. The breeding systems that meet these requirements 
are population improvement systems that use recurrent selection. Cultivars produced 
by recurrent selection systems are improved populations that are released as syn-
thetic varieties. The objectives of the recurrent selection systems are to change pop-
ulation means using additive genetic variation. 
The breeding systems that will be discussed are restricted recurrent pheno-
typic selection (RRPS), conventional half-sib progeny test (HSPT), and between 
and within family selection (B & WFS). Each of these systems is initiated with a 
base population. Each system will be discussed using switchgrass as the model plant. 
With all perennials plants used in temperate climates, ability to survive winters and 
persist is of paramount importance. Consequently, in the breeding timetable (Table 
3-1) and the specific examples for each breeding system, selection nurseries are 
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established in Year 1, plants are evaluated in Years 2 and/or 3, and plants are se-
lected for polycrossing the year following evaluation. Plants are not poly crossed 
until they have survived at least two winters. Each cycle takes 3 or 4 yr. Methods 
of accelerating this timetable have been developed for specific grasses. Burton (1974, 
1982) has developed methods for completing a cycle a year for 'Pensacola' bahi-
agrass [Paspalum notatum Flugge var. saurae Parodi] with RRPS. Methods for de-
creasing the time period per cycle by manipulating plants usually are not specific 
to breeding systems; therefore, using the same timetable to compare efficiency of 
breeding systems is appropriate. Tables listing time requirements, theoretical gains 
from breeding, and potential rate of inbreeding depression for various perennial grass 
breeding methods are described by Vogel and Pedersen. (1993). 
Restricted Recurrent Mass Selection 
Mass selection is the oldest form of plant breeding and has been used for cen-
turies to develop many of our current crop cultivars. It is adequately described in 
virtually all plant breeding textbooks. In the last 30 yr, major improvements have 
been made in mass selection as a breeding system. Because these improvements 
can at minimum double the breeding gain, conventional mass selection generally 
should not be practiced under most conditions. A possible exception is when a 
breeder may want to improve the persistence of a particular grass in a unique, stress-
ful environment and has very limited resources. 
The most efficient form of mass selection as it applies to perennial forage 
grasses is RRPS which was developed by Glenn Burton (1974, 1982). It is based 
in part upon research by C. O. Gardner (1961) which demonstrated that stratifying 
the selection nurseries into smaller selection units improved realized gains from se-
lection. The initial step in RRPS is to establish a space-planted evaluation nursery 
(Fig. 3-2). Greenhouse grown seedlings are transplanted into a field nursery in Year 
1. In the example with RRPS and with the other breeding systems, an initial base 
population of 1000 plants and a selection intensity of 10% will be used. The plants 
are allowed to become well established and some establishment year data can be 
collected depending upon the trait of interest. In Year 2, the space-planted selec-
tion nursery is subdivided into selection units. Burton (1974) subdivided selection 
nurseries into 40 square, 25-plant selection units. The size and shape of the selec-
tion unit can be varied. The critical factor is that the selection nursery is subdivided 
into smaller selection units as means of reducing the impact of environmental vari-
ation on selection decisions. In the example shown, the selection nursery is divided 
into 50, 20-plant selection units and plants in each selection unit are evaluated for 
the desired trait or combination of traits. A fixed number of plants are selected from 
each selection unit. In this example, selection intensity is 10%, so the two best plants 
from each selection unit are selected. 
In Year 3 (or 4), the two best plants from each selection unit are transplanted 
to an isolated polycross nursery for intermating. If any selected plant failed to sur-
vive the winter, the next best plant in each selection unit replaces it. Polycrossing 
selected plants doubles the expected genetic gain from selection as compared to tra-
ditional mass selection where only the female parents are selected (Vogel and 
Pedesen, 1993). In RRPS polycross nurseries, both male and female plants are se-
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lected. An equal amount of seed from each plant or genotype in the polycross is 
bulked and is used to start the next cycle of selection. The polycross nursery also 
is used to produce seed for yield tests and it can serve as the source of breeder seed. 
Polycrossing is a critical feature of each of the breeding systems and is discussed 
in a separate section. The next cycle of selection is initiated in Year 4 or 5 depend-
ing on the number of evaluation years (Year I of Cycle 2) using seed from the pre-
vious polycross nursery and the process is repeated until sufficient genetic gain has 
been achieved to warrant release of an improved cultivar. Yield tests should be con-
ducted in solid seeded sward trials following each cycle of selection to measure 
breeding progress. These are conducted concurrently with the following cycle of 
selection. 
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Fig. 3-2. Restricted, recurrent phenotypic selection breeding procedure. 
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The advantage ofRRPS is that it is an easy breeding system to use, it requires 
minimum time intervals per cycle, it uses all the additive genetic variation, and be-
cause of the large number of plants that are intermated, potential inbreeding depres-
sion can be minimized. Its disadvantages are that it is not possible to determine the 
actual rate of inbreeding because pedigree records of individual genotypes and their 
progenies are not maintained and information regarding the breeding value of in-
dividual genotypes is not available. Although inbreeding rates are theoretically low, 
in practice they may be higher because some families may contribute more mem-
bers to the plants in the polycross nursery than other families. It may also take nu-
merous cycles before sufficient improvements are made to warrant release of an im-
proved cultivar. Burton's (1982) "new" RRPS methods provide a mechanism for 
maintaining family records which essentially converts RRPS into a between and 
within family selection system. 
Examples of cultivars produced by RRPS included 'Tifton 9' bahiagrass which 
was released in 1987 after nine cycles of RRPS that were initiated in 1960 (Bur-
ton, 1989b). It produced 47% more forage than the base population over a 3-yr pe-
riod. 'Trailblazer' switchgrass was released following a single cycle of selection 
for increased dry matter digestibility which resulted in 23% improvement in beef 
cattle (Bas taurus) gains per animal and per hectare in a replicated grazing trial 
(Vogel et aI., 1991). 
Half-sib Progeny Test 
The Half-sib Progeny Test was previously the most widely and extensively 
used grass breeding method but its use has diminished in recent years. In general, 
breeding progress using this method for traits such as yield has been limited because 
the system is theoretically less than half as efficient as other breeding methods. 
Breeders also have sabotaged themselves by using base populations that were not 
in random mating equilibrium (Vogel and Pedersen, 1993). 
If conducted properly, this system is initiated by establishing a space-planted 
source nursery of a random-mated population that is in equilibrium. The procedures 
for handling the space-planted source nursery are identical to Cycle I (C I) of RRPS. 
Approximately 10% of the better plants are selected for transplanting into an iso-
lated polycross nursery. Seed is harvested from individual plants in the polycross 
nursery and bulked by genotype. Because this stage of the process is identical to 
C 1 of RRPS, it would take 3 yr using our model. Progeny from each genotype are 
then established in a replicated half-sib progeny evaluation nursery or nurseries. 
These nurseries can be solid-seeded plots or single row, space-planted plots. One 
year is required for establishment and the families are evaluated for two subsequent 
years. Data from the half-sib families are then used to select a subset of superior 
genotypes from the original polycross nursery. This subset of genotypes (usually 
20 or less) is then random mated in a polycross to produce seed for testing in repli-
cated yield tests at multiple sites and also can be used as a potential breeder seed 
field. 
This breeding system is usually stopped after a single cycle. The reason for 
this is that repeating the process would simply involve re-evaluating the same 
clones that were evaluated in the previous cycle except that the clones would be 
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mated to a smaller number of male parents. It either leads to an improved cultivar 
at the end of a single cycle or it does not. It only uses the among family genetic vari-
ance which results in only one-half of the total additive variance being used. It is 
the least efficient breeding system that a breeder can use to improve perennial, cross-
pollinated forage grasses. 
In the past, breeders have used various arrays of germplasms to establish 
source nurseries and often have included plants from older cultivars, plant intro-
ductions, or other germplasm stocks in the source nursery. Breeders would then eval-
uate the plants in the source nursery, select the best plants which would then be poly-
crossed. Progeny from the polycross would be evaluated in a replicated half-sib 
progeny test. Because parent plants in the polycross nursery came from various 
germplasm sources and were not in equilibrium, it is highly probable that progeny 
differences could be due to differing degrees of heterosis. Progeny data thus would 
not reflect breeding values of the parents. 
Between and Within Family Selection 
Between- and within-family selection (B &WFS) is a breeding system that 
uses both the among- and within-family additive genetic variation. This breeding 
system also is initiated by establishing a space-planted source nursery that is used 
to identify superior phenotypes whose progeny will be evaluated in subsequent tri-
als (Fig. 3-3). The source nursery should be a random mated population in equi-
librium. The most efficient system for identifying superior phenotypes from this 
type of source nursery is RRPS. Using the switchgrass model, the first 3 yr of this 
procedure would be the same as cycle 1 of RRPS. A 1000 plant selection nursery 
is established and 100 genotypes are selected for polycrossing. An equal amount 
of seed is harvested from each plant in the cycle 1 polycross nursery and bulked by 
female genotypes. These seed lots are then used to establish a replicated space-
planted half-sib progeny evaluation nursery. Evaluation nurseries may be established 
at several locations. 
To keep the number of plants in selection nurseries consistent over breeding 
systems so that comparisons can be made among them, the example B& WFS 
progeny selection nurseries contain two replicates of 100 families with five plants 
each per replicate. Plots are single rows of spaced plants. Although a simple ran-
domized complete block design could be used, the use of an experimental design 
such as a reps-in-block can be used to reduce field variation (Schutz and Cocker-
ham, 1966). The progeny evaluation nursery is stratified or subdivided into 10 
blocks, 10 of the half-sib families that will be evaluated are assigned to each of the 
blocks, and families are independently randomized within each block as though each 
block was a small randomized complete block experiment. Other experimental de-
signs such as the "honeycomb" design (Fasoulas and Fasoulas, 1995) can be used 
to reduce field variation. 
The families are then evaluated for the desired trait. In the example with 
switchgrass, Year 1 of the progeny evaluation is used for establishment of the nurs-
ery, Year 2 is then used to evaluate families on a family or per plot basis, Year 3 is 
used to identify the best plants within the best families, and in Year 4, the best plants 
from the best plants are moved to isolated nurseries and polycrossed. It would be 
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Fig. 3-3. Between and within half-sib family selection and breeding procedure. 
possible to conduct the family and individual plant evaluations in a single year but 
other factors need to be considered including laboratory evaluations for forage qual-
ity. If selection is based on both yield and forage quality, conducting both among-
and within-family selection in the same year requires the breeder to harvest and con-
duct quality tests on 1000 plants. By doing the evaluation work in stages, the har-
vesting and laboratory work load can be reduced by half. In Year I, the 200 fam-
ily plots can be harvested and analyzed for quality on a plot basis. In Year 2, a total 
of 200 individual plants (20 families with 10 plants per family) will be harvested 
and analyzed for quality for a total of 400 plots or plants harvested and analyzed. 
Although it requires an additional year to complete a cycle, the savings in resources 
can be used to conduct breeding work on other populations. 
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If a randomized complete block design is used, the five best plants from the 
20 best families in the nursery would be selected (100 plants) and moved to an iso-
lation for polycrossing. If a reps-in-block design is used, the two best families within 
each individual field block are selected. The five best plants within each of these 
families are selected for polycrossing to start the next cycle of selection. Use of the 
reps-in-block design stratifies the selection half-sib family selection nursery into 
smaller selection units which should reduce environment variation and increase se-
lection efficiency. If possible, an equal number of plants should be selected from 
each family plot. Seed from the polycross nursery can be used to start another cycle 
of selection and produce seed for testing and increase. 
This breeding system has several major advantages over the conventional half-
sib family progeny test. By selecting plants from within families, it is possible to 
maintain adequate population size which reduces potential inbreeding (Vogel and 
Pedersen, 1993). Because recombination occurs in each polycross nursery, recur-
rent cycles of selection can be effectively used, and expected gains from selection 
are considerably greater than for the HSPT. In comparison to RRPS, the expected 
gains from selection are comparable if among- and within-family evaluations are 
all completed the same year and assuming that phenotypic variances among plants 
and families in the selection nurseries are similar. If family and within family eval-
uations are completed in separate years for B&WFS, then RRPS would be more 
efficient. However, if heritabilities of desired traits are low, the phenotypic standard 
deviation of the plants in the RRPS selection nursery could be greater than the phe-
notypic standard deviation among half-sib families on a plot mean basis or the phe-
notypic standard deviation among plants within selected half-sib families which 
would make B&WFS more efficient (Vogel and Pedersen, 1993). Since family 
records are maintained, the rate of inbreeding also can be monitored. The RRPS 
method was not effective in improving forage yield in switchgrass in breeding pro-
grams in Nebraska and Oklahoma and these programs have shifted to B&WFS 
(Hopkins et aI., 1993; Taliaferro et aI., 1999). These results are supported by research 
in cool-season grasses (Aastveit and Aastveit, 1990). Other breeding systems have 
been proposed for perennial grasses (Aastveit and Aastveit, 1990; Vogel and Ped-
ersen, 1993), but to date they have not been widely used. 
Polycrossing 
In each of the breeding systems described previously, the selected plants are 
intermated by polycrossing. The polycross concept was apparently independently 
developed by H.N. Frandsen and H.M. Tysdal and his co-workers at Nebraska (Fehr, 
1987). The purpose of the polycross is to random mate selected plants to produce 
progenies for the next cycle of selection, fix the gains made in the last cycle of se-
lection, and to begin the seed increase process for evaluation and possibly subse-
quent release. Allard's (1960) definition of polycross is "open pollination of a group 
of genotypes (generally selected) in isolation from other compatible genotypes in 
such a way as to promote random mating inter se". It is essentially a top cross in 
which selected plants are intermated (SIeper, 1987). The two critical aspects of poly-
crossing selected plants are isolation and random mating. Isolation is essential so 
that only selected plants mate selected plants. Isolation can be achieved by physi-
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cally moving the selected plants to field or greenhouse isolations or bagging the in-
florescences of the plants and intermating the plants using collected pollen. The poly-
cross method of mating selected parents is based on the Hardy-Weinberg Law of 
genetics. 
According to the Hardy-Weinberg Law, gene frequencies in a population can 
be fixed by a single cycle of random mating in the absence of selection, nonran-
dom mating, differential migration, or differential mutation (Allard, 1964). A sin-
gle cycle of random mating of selected plants in a polycross can fix the gene fre-
quencies and thus fix the genetic gains that have been achieved by selection. Two 
principal problem areas are nonrandom mating and selection, either intentionally 
or inadvertently, which results in some of the genotypes having more than their ex-
pected number of progeny (seed) in the next generation. The inadvertant selection 
problem can be simply resolved by using the same amount of seed from each geno-
type. It should be noted that the critical aspect of setting up the polycross is the ran-
dom assignment of selected plants to their position in the polycross nursery. Un-
equal pollen production can be alleviated by bagging inflorescences, collecting and 
mixing equal amounts of pollen from each plant, and transferring pollen by hand 
to bagged inflorescences. 
Hybrid Cultivars 
The previously described breeding methods use additive genetic variation. In 
general, with the exception of bermudagrass, perennial grass breeders have not cap-
italized on the non-additive genetic variation that exists in forage grasses even though 
substantial heterosis for traits such as forage yield exists in many grasses. Hybrids 
for commercial use have not been developed for most perennial forage grasses be-
cause of the inability to effectively emasculate large numbers of plants in seed pro-
duction fields. Bermudagrass hybrids have been very successful because the F] hy-
brids are clonal cultivars and are propagated vegetatively (Taliaferro et aI., 2004, 
this publication). Summaries of methods to produce hybrids of forage grasses have 
been summarized by Burton (1986) and Vogel et al. (1989). These methods include 
first generation chance hybrids, self-incompability hybrids, cytoplasmic male-ster-
ile hybrids, apomictic hybrids, and hybrids produced by the use of male-gameto-
cides. To date, first generation chance hybrids, self-incompatible hybrids, and 
apomictic hybrids have been produced for a limited number of grasses. 
'Gahi I' pearl millet [Pennisetum glaueum (L.) R. Br.] was developed by Bur-
ton (1948) using four inbred lines that flowered at the same time. The seed from 
the lines were mixed and were used to plant the seed production fields. Seed har-
vested from these fields contained 75% hybrid seed ofthe six possible hybrids. Plots 
planted with this seed yielded as well as plots seeded with mixtures of the six hy-
brids produced by controlled crosses because the more vigorous hybrids crowded 
out the less vigorous sibs and selfs (Burton, 1948). Because of the development of 
cytoplasmic male sterility systems in pearl millet, this method is no longer used. 
In addition to pearl millet, cytoplasmic male sterility also has been used to develop 
hybrids offorage sorghum [Sorghum hieolor (L.) Moench] and other warm-season 
annual grasses. Cytoplasmic male sterility has not been used to develop hybrids of 
perennial warm-season grasses because of polyploidy and self-incompatibility that 
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makes identifying and transferring maintainer and restorer genes into desirable 
germplasm difficult. Hybrids produced using apomixis are described in the apomixis 
section of this chapter. 
The potential exists to produce hybrids using self-incompatilibity. Many 
warm-season grasses contain plants that are self-incompatible but are cross com-
patible with other plants. If two plants are identified that produce superior F] hy-
brids, then the two plants can be vegetatively increased and transplanted into seed 
production fields. All the seed harvested from the fields would be F] hybrid seed 
assuming that proper isolation of the seed field was maintained. These seed fields 
could be maintained for many years for perennial grasses. Two bahiagrass cultivars 
were developed using this method but were not successful because of the labor and 
cost of establishing seed production fields (Burton, 1986). Recent improvements 
in tissue culture for clonally propagating plants and in mechanical transplanters 
should make hybrids based on self-incompatibility commercially feasible in the near 
future. 
APOMICTIC SPECIES 
Apomixis 
Apomixis, more specifically agamospermy, is an asexual form of reproduc-
tion where a seed develops without the union of an egg and a sperm nucleus. 
Apomixis mimics sexual reproduction in that a female "gametophyte" or an em-
bryo sac is usually formed in an ovule. Because an apomictic embryo sac develops 
without meiosis, the nuclei in the embryo sac have an unreduced chromosome num-
ber and all the chromosomes are from the maternal plant. The egg cell in an 
apomictic embryo sac can initiate mitosis and develop into an embryo without being 
fertilized. Consequently, the plant that develops from this embryo is genetically iden-
tical to the plant that produced the seed. Progeny from a completely apomictic plant 
are uniform and exact replicas of the female parent except when mutations occur 
or an unreduced egg is fertilized. 
In nature, most apomictic C4 grasses do not reproduce solely by apomixis but 
also produce some sexual offspring. These are known as facultative apomicts. En-
vironmental conditions can influence the amount of sexuality and apomixis ex-
pressed in facultative apomicts (Knox and Heslop-Harrison, 1963; Quarin, 1986; 
Hussey et aI., 1991). Species that produce only apomictic progeny are referred to 
as obligate apomicts, but they are not as common in C4 grasses as once thought 
(Bashaw and Hanna, 1990). Savidan (2000, 2001) even questions their existence. 
However, individual plants and strains within a species reproduce completely by 
apomixis. Common dallisgrass (Paspalum dilatatum Poir.), a meiotically irregular, 
pentaploid (2n = 5x = 50) natural hybrid, is an obligate apomict (Burson and 
Young, 2001). Rare sexual plants often co-exist in nature with apomictic ecotypes. 
These sexual or partially sexual strains provide sources of genetic variation in pre-
dominately apomictic species, and natural hybridization between sexual and apomic-
tic strains creates more unique, genetically diverse ecotypes. Many C4 grass species 
exhibit a range of both ploidy levels and reproductive types and are known as agamic 
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complexes. Diploids are always sexual. Polyploids can be either sexual, facultative 
apomicts, or obligate apomicts. Many higher polyploids are apomicts. Natural hy-
bridization between the sexual and apomictic forms produces sufficient genetic vari-
ation to maintain a species under changing environments and provides genetic di-
versity that can be used for germplasm improvement (Bashaw and Funk, 1987). 
Apomixis has been reported in more than 125 grass species (Bashaw and 
Hanna, 1990). A majority of these are C4 grasses, especially members of the Pan-
icoideae and Chloridoideae subfamilies. For example, apomixis occurs in 9 of the 
16 major grass genera discussed in this book. Because apomixis is widespread in 
the C4 grasses, it is imperative that the method of reproduction of a species is known 
before a breeding program is initiated. If the species is an apomict, knowledge of 
the specific mechanism for a species aids breeders in designing breeding strategies. 
A detailed cytoembryological investigation of megasporogenesis and megagame-
togenesis is the only way to identify the mechanism and this is accomplished by 
using procedures described by Young et ai. (1979) and Bashaw (1980a). 
Apomictic Mechanisms 
Even though at least three apomictic mechanisms occur in higher plants 
(Nogler, 1984; Asker and Jeriing, 1992), only two have been reported in C4 grasses: 
they are apospory and diplospory. Apospory is by far the most common. Bashaw 
and Hanna (1990) reported that it occurs in more than 95% of the known apomic-
tic grass species. The remaining species reproduce by diplospory. The major dif-
ference between diplospory and apospory is that a diplosporous embryo sac orig-
inates from a generative cell (archesporial cell or megaspore mother cell); whereas, 
an apospory sac develops from a nucellar cell. 
Apospory 
In most aposporous species, the early development in a young ovule is sim-
ilar to that in a sexual plant. The archesporial cell develops into the megaspore 
mother cell which undergoes meiosis to produce a linear tetrad of megaspores and 
the three micropylar members degenerate leaving the chalazal member as the func-
tional megaspore. At about this stage, one or more of the nucellar cells adjacent to 
the megaspore develops dense cytoplasm and a more prominent nucleus. These nu-
cellar cells also begin to enlarge. As the unreduced nucellar cells continue to en-
large, the functional megaspore usually weakens and aborts. Shortly thereafter, the 
nucleus in some of the enlarged nucellar cells divides mitotically producing two nu-
clei that remain in the micropylar end of the cell. As the cell continues to enlarge, 
a vacuole develops in the chalazal end of the cell. Both nuclei divide again produc-
ing four nuclei in the micropylar end of the sac. These usually differentiate as an 
egg cell, one polar nucleus, and two synergids (Warmke, 1954; Nakagawa, 1990; 
Vielle et aI., 1995). A mature four-nucleated embryo sac with this type of nuclei 
arrangement is known as the Panicum type (Warmke, 1954). Most aposporous C4 
grasses, especially members of the Panicoideae and Andropogoneae, have the 
four-nucleate Panicum type of embryo sac development but there are exceptions 
(Vielle et aI., 1995; Burson and Young, 200 I). Snyder (1957) reported eight-nucle-
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ated aposporous embryo sacs in Paspalum secans A. Hitchc. and Chase that ap-
peared identical to meiotically derived sexual sacs. Unreduced sacs of this compo-
sition are referred to as the Hieracium-type. Fortunately, this is the only reported 
case of this type of development in apomictic C4 grasses because the presence or 
absence of antipodals is used to distinguish mature aposporous sacs from sexual 
sacs. 
One or more aposporous sacs can occur in a mature ovule, depending on the 
number of meristematic nucellar initials and the degree of differentiation. When sev-
eral sacs are present, all do not necessarily develop into functional female game-
tophytes; although, two or three mature sacs can develop. These multiple sacs usu-
ally are aposporous in origin. However, in some aposporous plants, the functional 
megaspore does not always deteriorate but it develops into a reduced meiotic sac. 
When this occurs, a sexual sac and one or more aposporous sacs are present in the 
same ovule. A plant of this type is a facultative apomict. 
Diplospory 
Although diplospory is not common in C4 grasses, it is the most prevalent 
mechanism in members of the genera Eragrostis and Tripsacum (Voigt and Bashaw, 
1972; Burson et aI., 1990; Leblanc et aI., 1995a). Nog1er (1984) mentions three dif-
ferent diplosporous mechanisms, but only two occur in C4 grasses. Diplosplory is 
the most difficult mechanism to identify cytologically because it requires a very de-
tailed cytoembryological examination of the early developmental stages in the 
ovule. 
Antennaria-type. Albeit diplospory is rare in C4 grasses, the Antennaria type 
of development is the most common. Meiosis is completely eliminated, and there-
fore, the female gametophyte is unreduced in chromosome number even though it 
originated from the archesporial cell. The archesporial cell enlarges and develops 
into a megaspore mother cell; however, rather than undergoing meiosis, the megas-
pore mother cell enlarges and elongates. Its nucleus becomes more prominent, and 
a vacuole forms in the cell. In most diplosporous grasses, the nucleus undergoes 
three successive mitotic divisions to produce an eight-nucleated embryo sac. These 
nuclei differentiate similar to those in a sexual embryo sac of the Polygonium clas-
sification (egg cell, two synergids, two polar nuclei, and three antipodals). This is 
the most common development in eastern gamagrass (Burson et aI., 1990; Leblanc 
et aI., 1995a) and weeping lovegrass [Eragrostis curvula (Schrad.) Nees] (Voigt and 
Bashaw, 1972). However, variations in the number of mitotic divisions have been 
observed in weeping lovegrass and lehmann lovegrass (Eragrostis lehmanniana 
Nees) (Voigt and Bashaw, 1972; Voigt et aI., 1992). 
Taraxacum-type. This diplosporous mechanism has been reported in very 
few C4 grasses. Most were asynaptic plants whose chromosomes did not pair with 
their homologues during prophase I and metaphase I of meiosis (Chao, 1974; 
Nogler, 1984). In the Taraxacum-type, the megaspore mother cell initiates meio-
sis, but because the chromosomes are unpaired (univalents), they remain scattered 
throughout the spindle during metaphase I. Rather than migrating to the poles dur-
ing anaphase I, they congregate near the center of the cell and form a single resti-
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tution nucleus with an unreduced or 2n chromosome number. The restitution nu-
cleus undergoes a single division similar to the second meiotic division, and cytoki-
nesis occurs producing two cells (dyad) with unreduced chromosome numbers. The 
nucleus in the chalazal member of the dyad divides mitotically to produce an unre-
duced eight-nucleate embryo sac and the micropylar cell deteriorates (Nogler, 
1984). Chao (1964,1974,1980) reported the Taraxacum-type of diplospory in asy-
naptic plants of Paspalum orbiculare Forst., scrobicgrass (Paspalum commersonii 
Lam.), longleaf paspalum (Paspalum longifolium Robx.), and sourgrass (Paspalum 
con juga tum Berg.). Leblanc et aI. (l995a) also reported a very low incidence of 
Taraxacum-type development in a few accessions of eastern gamagrass and related 
species, but they did not indicate if these plants were asynaptic. 
Parthenogenesis 
Not only do the mechanisms that produce female gametophytes in apomic-
tic and sexual plants differ, but the events that culminate in the formation of the em-
bryo and endosperm in the developing caryopses also differ. In most apomictic C4 
grasses, the unreduced egg cell in a mature female gametophyte initiates cell divi-
sion and develops into an embryo without pollination or fertilization. Cell division 
is often initiated prior to anthesis. This autonomous development of an embryo is 
referred to as parthenogenesis. However, some species, for example, P. orbiculare, 
apparently require stimulation from pollination before the egg will begin develop-
ing into an embryo (Chao, 1964). Because fertilization is not involved in either mech-
anism, the progeny are identical to the apomictic maternal parent. 
Pseudogamy 
Endosperm is necessary for seed development, and in some apomictic species, 
the polar nuclei fuse and produce the endosperm without pollination or fertiliza-
tion. This is referred to as autonomous endosperm development. However, other 
species require pollination and fertilization of the polar nuclei for endosperm de-
velopment, and this is known as pseudogamous endosperm development (Nogler, 
1984; Savidan, 2000). All C4 grasses in which the requirements for endosperm for-
mation have been investigated are pseudogamous and require fertilization of the 
polar nuclei. This has been reported in both aposporous (Warmke, 1954; Caceres 
et aI., 200 I) and diplosporous (Chao, 1974, 1980) species. Therefore, in most 
apomictic grasses, viable pollen must be available for seed to develop. The pollen 
can be from an apomictic plant because apomixis does not affect microsporogen-
esis or the development of reduced male gametophytes (pollen grains). However, 
if the plant is meiotically irregular and does not produce viable pollen, seed set is 
absent or very low. Seed set can be significantly increased in a meiotically irregu-
lar apomictic plant if it is pollinated with viable pollen from another plant or even 
a different species. Simpson and Bashaw (1969) reported that seed set in meioti-
cally irregular, hexaploid, aposporous fountaingrass [Pennisetum setaceum (Forssk.) 
Chiov.] increased from 0.05% when self-pollinated to 18% when pollinated with 
buffelgrass (Pennisetum ciliare (L.) Link [syn. Cenchrus ciliaris L.l } pollen. Low 
seed set in an apomictic strain or selection may be a pollination problem. 
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INDICATORS OF APOMIXIS 
Progeny testing is the easiest way a plant breeder can detect apomixis. Twenty 
or more progeny from open-pollinated seed produced by the plant in question are 
planted in a single row at approximately l-m intervals. Because the offspring of an 
apomict are clones of the maternal parent, the progeny from an obligate apomict 
or a highly apomictic plant will be uniform and appear identical to the maternal par-
ent. However, uniform progeny do not necessarily guarantee that a plant is an 
apomict because progeny from a highly self-pollinated plant also can be uniform. 
To avoid misclassification, the method of pollination should be known. 
Facultative apomicts can be difficult to classify by progeny testing depend-
ing on the amount of sexuality and apomixis expressed. An apomictic plant with a 
low incidence of sexuality is easily detected because most of its progeny are uni-
form with an occasional off-type plant. However, classification becomes more dif-
ficult as the number of off-type plants increases, to the point where it can not be 
determined if the maternal parent reproduces sexually or by facultative apomixis. 
It always is best to combine progeny test findings with a cytoembryological analy-
sis. Not only does this verify the results from progeny testing but it also provides 
insight into what happens under field conditions because sterility and environmen-
tal conditions can skew embryological findings. 
Other characteristics may "suggest" the possibility of apomictic reproduction 
but they are not as reliable as progeny testing. If two distinctly different genotypes 
are crossed using a reliable emasculation technique and the F 1 progeny are uniform 
and resemble the maternal parent, this indicates the female parent may be apomic-
tic. Another indicator of apomixis is the expression of very little or no variation in 
the Fz progeny from a cross between two morphologically distinct parents. When 
the paternal parent used in a cross has a dominant genetic marker and that trait is 
not expressed in the F 1 hybrids, it indicates that hybridization did not occur and the 
female parent may be an apomict. Molecular markers closely linked to the region 
of the genome controlling apomixis can be used to identify apomictic plants in a 
population segregating for the method of reproduction (Ozias-Akins et aI., 1993); 
however, this method cannot distinguish between facultative and obligate apomicts. 
Both percent seed set and the emergence of more than one seedling from a 
germinating seed (twin seedlings) have been used to attempt to identify apomictic 
plants but neither method is reliable and should not be used. Cytoembryological 
analyses are needed to verify the results of the tests described above. For additional 
information about how to identify apomictic plants see Bashaw (l980a) and Bur-
son and Young (2001). 
GENETICS OF APOMIXIS 
Mendelian Studies 
The discovery of rare sexual plants in several C4 grasses considered obligate 
apomicts provided an opportunity to investigate the genetic control of apomixis. 
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When these sexual plants were crossed with obligate or highly apomictic plants, 
the F 1 hybrids or their F2 progeny segregated for the method of reproduction. These 
segregation ratios provided insight into the genetic control of apomixis but findings 
were confounded because of facultative apomixis, and it was difficult to formulate 
a genetic model to fit all apomictic grasses. Much of the available information came 
from studies using bahiagrass (Burton and Forbes, 1960), Brachiaria spp. (Valle 
and Savidan, 1996), buffelgrass (Taliaferro and Bashaw, 1966; Sherwood et aI., 
1994), eastern gamagrass (Leblanc et aI., 1995b), guineagrass (Hanna et aI., 1973; 
Savidan 1983), Old World bluestems (Bothriochloa-Dichanthium spp.) (Harlan et 
aI., 1964), and weeping lovegrass (Voigt and Burson, 1983). Even though the ge-
netic control is not clearly understood, there is evidence that apomixis is a qualita-
tive trait that is controlled by one or a few major gene(s) that are affected by mod-
ifying genes. Reviews by Nogler (1984), Asker and Jerling (1992), Savidan (2000), 
and Sherwood (2001) provide more information about the genetics of apomixis. 
Molecular Investigations 
Since the early 1990s, molecular tools have been used to locate the gene(s) 
controlling apomixis with the ultimate goal of cloning the gene(s) and transform-
ing them into selected grain crops. Molecular markers that appear to be associated 
with the apomictic phenotype have been found in several aposporous C4 grasses. 
These include pearl millet x Pennisetum squamulatum Fresen. hybrids (Ozias-Akins 
et aI., 1993, 1998), buffe1grass (Gustine et aI., 1997; Jessup et aI., 2002, 2003), ruzi-
grass (Brachia ria ruziziensis Germain & Evrard) x palisadegrass [Brachiaria 
brizantha (A. Rich.) Stapf] hybrids (Pes sino et aI., 1998), and Paspalum simplex 
Morong (Pupilli et aI., 1997,2001). Eastern gamagrass and maize-Tripsacum hy-
brids are the only dip10sporous plants that have been studied using molecular tools. 
Even though diplospory is a different mechanism from apospory, several genetic 
markers are linked to the diplospory locus in eastern gamagrass (Leblanc et aI., 
1995b; Grimanelli et aI., 1998a, 1998b). 
These studies identified molecular markers that are closely linked to the loci 
where the gene(s) for apomixis are located in these C4 grasses and provided insight 
into why the reproductive segregation patterns in the progeny have been distorted 
and difficult to interpret. Segregation analyses of molecular markers indicated 
tetrasomic inheritance in apomictic P. simplex (Pupilli et aI., 1997), maize-Trip-
sacum hybrids (Grimanelli et aI., 1998b), and Pennisetum hybrids (Ozias-Akins et 
aI., 1998); however, chromosome associations of the genomic region(s) with the 
apomixis locus and linked markers are not established in these species. In buffel-
grass, molecular data indicated disomic inheritance of apospory (Jessup et aI., 
2002). Exceptional genotypes in several molecular studies have indicated that 
apomixis is incompletely penetrant and modifier gene(s) are involved (Ozias-Akins 
et aI., 1993, 1998; Gustine et aI., 1997; Caceres et aI., 2001; Jessup et aI., 2002). 
This supports earlier reports that apomicts are always 'facultative' in nature (Savi-
dan, 2000; Koltunow and Grossniklaus, 2003) and environmental conditions affect 
the degree of facultativeness expressed (Nogler, 1984). Molecular studies also 
have reported lethal factors in hybrid populations segregating for apomixis (Gri-
manelli et aI., 1998a; Jessup et aI., 2002). Lethal gene(s) may be independent from 
78 VOGEL & BURSON 
apomixis and complicate determining the genetic components of apomixis. 
Koltunow and Grossniklaus (2003) recently discussed the status of models regard-
ing the control of apomixis. 
BREEDING APOMICTIC GRASSES 
Darlington (1939) stated that "apomixis is an escape from sterility, but an es-
cape into a blind alley of evolution," which infers that all apomicts are doomed for 
extinction. This became the prominent mind-set among plant breeders for many 
years and they avoided apomictic species. As more was learned about the repro-
ductive systems and additional germplasm was evaluated for method of reproduc-
tion, it was apparent that apomixis was more widespread in plants than was previ-
ously thought and sexual or partially sexual plants existed in native populations of 
many apomictic species. It became evident that apomixis was not an evolutionary 
"blind alley" but when sexual and apomictic types hybridize, apomixis is a dynamic 
evolutionary force that creates and preserves new ecotypes (Bashaw et aI., 1970). 
As more germplasm of apomictic C4 grasses was collected and evaluated cytolog-
ically, naturally occurring sexual types were discovered. These additional sources 
of sexual germplasm made it possible to improve apomictic species through breed-
ing. 
Ecotype Selection 
Apomixis can be either an impediment or a valuable tool to genetic improve-
ment. This depends on (i) the number of different polymorphic ecotypes that nat-
urally occur within an apomictic species and (ii) the presence of sexual strains within 
the species. Traditionally, improvement of apomictic C4 grasses has been the se-
lection of superior, naturally occurring apomictic ecotypes using the ecotype eval-
uation and selection procedure described previously. The most vigorous and pro-
ductive ecotypes were selected, increased, and released as new cultivars. Essentially 
all apomictic C4 grass cultivars were obtained in this manner. The success of eco-
type selection depends upon the amount of polymorphism or number of different 
apomictic ecotypes within a species. 
A few apomictic species consists of a single ecotype which limits any oppor-
tunity for success by ecotype selection. For example in dallisgrass, the apomictic 
common type (2n = 5x = 50), which accounts for essentially all dallisgrass forage 
production world wide, is a single ecotype (Evers and Burson, 2004, this publica-
tion). It is an excellent forage grass but is highly susceptible to ergot (Claviceps pas-
pali Stevens & Hall) which reduces its use. Sources of resistance do not exist and 
resistant types cannot be developed because of the lack of genetic variability. Since 
many apomictic C4 grasses are members of agamic complexes that consist of a range 
of phenotypically diverse types, ecotype selection has been successful. Most cul-
tivars of apomictic C4 grasses were selected from a single accession. This was the 
case with tetraploid bahiagrass, Brachiaria spp., brownseeded paspalum (Pas-
palum plicatulum Michx.), buffelgrass, guineagrass, weeping lovegrass, Old World 
bluestems, and others. Cultivars originating from ecotype selection can differ sig-
nificantly. For example, the yellow bluestem [Bothriochloa ischaemum (L.) Keng 
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var. ischaemum] cv. WW-Iron Master and WW-Spar as well as the Bothriochloa 
bladhii (Retz) S.T. Blake cv. WW-B.Dahl were selected from single apomictic ac-
cessions with desirable traits of leafiness, higher forage production, iron efficiency, 
and drought tolerance (Dewald et aI., 1985, 1988, 1995). Whereas, the yellow 
bluestem cv. Plains is a blend of equal weights of seed from 30 different apomic-
tic accessions (Taliaferro and Harlan, 1973). These cultivars are widely grown in 
the southern Great Plains of the USA. In tropical South America, five commercial 
cultivars of different Brachiaria species are grown on millions of hectares of pas-
tureland and all are direct selections of individual accessions introduced from 
Africa (Miles and Valle, 1996; Miles et aI., 2004, this publication). 
Hybridization 
Improving apomictic grasses by hybridization is a relatively recent occurrence. 
The major breakthrough occurred when sexual plants were discovered in what were 
considered to be completely apomictic species. The success of this approach is de-
pendent upon (i) the availability of sexual germplasm that is cross-compatible with 
its apomictic counterparts, (ii) the ability of the apomictic plants to produce viable 
pollen, and (iii) the heterozygosity of the apomictic plants. Rare sexual plants usu-
ally exist in apomictic species but are difficult to identify. Most were found when 
a large quantity of germplasm, collected from the species' center of origin, was as-
sembled and evaluated cytologically and for method of reproduction. If the only 
source of sexuality is at the diploid level, it is necessary to double the chromosomes 
to produce a sexual autotetraploid that can be crossed with tetraploid apomicts. The 
chromosomes of diploid bahiagrass (Burton and Forbes, 1960), guineagrass (Savi-
dan, 1983), and ruzigrass (Swenne et aI., 1981) have been doubled with colchicine, 
and the doubled plants were successfully crossed with tetraploid apomictic strains 
of the respective species. However, increasing the ploidy level from diploid to 
tetraploid does not guarantee that the doubled tetraploid will reproduce sexually be-
cause these plants can reproduce as facultative apomicts (Quarin et aI., 2001). Nat-
urally occurring sexual tetraploids have been discovered in buffelgrass (Bashaw 
1962), guineagrass (Smith, 1972; Hanna et a!., 1973), and weeping lovegrass (Voigt 
and Bashaw, 1972) and were crossed with their apomictic counterparts. 
The sexual plant is used as the female parent and is pollinated with pollen from 
an apomict. It is best if the sexual plant is highly self-incompatible or has a flow-
ering behavior that promotes cross-pollination. This eliminates the necessity of 
emasculating the female florets. Because apomixis does not affect pollen develop-
ment in anthers, most apomicts produce viable pollen. However, apomicts from wide 
crosses often produce low or nonviable pollen because of irregular meiosis and are 
undesirable pollen parents. 
The primary advantage of crossing sexual and apomictic strains is the F 1 hy-
brids usually segregate for method of reproduction and the apomictic hybrids con-
tinue to reproduce by apomixis and the traits of interest are fixed and remain un-
changed over infinite generations. This permanent fixation of traits also applies to 
heterosis and the apomictic hybrids remain more vigorous than their sexual coun-
terparts. Another advantage is that the seed of the fertile, superior, apomictic F I hy-
brids can be increased and the germplasm immediately evaluated. This allows for 
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more efficient and more rapid release of new cultivars and lengthy breeding pro-
cedures required to develop sexual cultivars are eliminated. Apomictic F I hybrids 
also do not required isolation for seed production since out crossing is not a prob-
lem. Because apomixis is recognized as an escape from sterility in wide hybrids, 
interspecific hybridization can be used to produce new cultivars. This approach is 
being used in the Brachiaria improvement programs in South America (Miles and 
Valle, 1996; Valle and Miles, 2001). 
Breeding Approaches 
Most naturally occurring apomicts are highly heterozygous, and because of 
apomixis, the heterozygosity is locked in the plants and is not expressed. When a 
sexual plant is crossed with a heterozygous apomict, the genetic diversity in the 
apomictic is released and expressed in the F I progeny. A wide range of types is nor-
mally expressed in the FI progeny, and this provides a wealth of new germplasm 
from which to select more desirable apomictic cultivars. 
E.C. Bashaw (1962) obtained a sexual tetraploid buffelgrass plant (B-ls) in 
the late 1950s. When this plant was self-pollinated, the SI progeny segregated 13 
sexuals: 3 apomicts and when crossed with apomictic tetraploids, the FI hybrids 
segregated 5 sexuals: 3 apomicts (Taliaferro and Bashaw, 1966). Surprisingly, 
there was no evidence of facultative apomixis in any of the offspring. They proposed 
a breeding scheme in which the apomictic S I and F I progeny were selected and eval-
uated as potential true-breeding apomictic cultivars or used as male parents in fu-
ture crosses (Taliaferro and Bashaw, 1966). In contrast, when a different tetraploid 
sexual buffelgrass plant (B-2s) was self-pollinated, all SI progeny were sexual, and 
when crossed with an apomict, the FI hybrids segregate 1 sexual: 1 apomict and 
many of the apomicts were facultative (Sherwood et aI., 1994). Similar segregation 
ratios and facultative apomixis have been reported for sexual x apomictic crosses 
in guineagrass (Savidan, 1983), eastern gamagrass (Leblanc et aI., 1995b), weep-
ing lovegrass (Voigt and Burson, 1983), and other species. Because ofthis, the part 
of Taliaferro and Bashaw's (1966) breeding model that proposes selfing the sexual 
plant to produce apomictic SI progeny as potential cultivars does not apply to the 
sexual genotypes that are presently available, and unfortunately, the sexual B-1 s buf-
felgrass line was lost. Apparently this part of their breeding scheme was valid be-
cause the first apomictic buffelgrass cultivar released was 'Higgins', a superior 
apomictic SI strain that was selected from selfed progeny of the sexual plantB-ls 
(Bashaw, 1968). Later, two true-breeding, more cold-tolerant, apomictic FI buffel-
grass hybrids, 'Nueces' and 'Llano', were selected and released from approximately 
100 sexual x apomictic hybrids (Bashaw, 1980b). These were the first apomictic 
cultivars developed from breeding and not from ecotype selection. The only other 
apomictic C4 grass cultivar that was produced from crossing sexual and apomictic 
types is 'Natsukaze', a guineagrass that was released in Japan (Sato et aI., 1990). 
This cultivar was not produced from controlled crosses but from three generations 
of open-pollinating a sexual plant (Nakagawa et aI., 1993). 
Taliaferro and Bashaw's (1966) model does not take into account facultative 
apomixis since presumably none was expressed in the hybrids recovered from B-
Is buffelgrass. The general perception has been that facultative apomixis makes the 
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breeding of apomicts more difficult because of the problem in controlling variation 
in the progeny (Bashaw, 1980a). Recent findings revealed that facultative apomicts 
can be used to develop improved apomictic forage cultivars because highly or com-
pletely apomictic plants frequently occur in facultative apomict species. As in the 
case of the Taliaferro and Bashaw (1966) model, a sexual plant is used as the fe-
male parent and is crossed with a highly apomictic plant. Figure 3-4 shows the cross-
ing scheme that was used by Voigt and Burson (1983) to develop improved 
germplasm of weeping lovegrass. The primary difference in this and the scheme 
used by Taliaferro and Bashaw (1966) is that the parents are not necessarily com-
pletely sexual or apomictic and varying levels of sexuality and apomixis are ex-
pressed in the offspring. This procedure is repeated until desirable, highly apomic-
tic hybrids are recovered for testing. It also produces new sexual types that can be 
used in more traditional breeding programs. 
This model is similar to those used to develop improved germplasm of 
guineagrass (Savidan, 1983), Brachiaria spp. (Miles and Valle, 1996), and buffel-
grass (Sherwood et aI., 1994). Because the sexual tetraploid ruzigrass accession has 
a narrow genetic base and is susceptible to spittlebug (Hemiptera), a different ap-
proach is being used in the Brachiaria program. The superior apomictic F I hybrids 
are not selected and evaluated as potential cultivars but are used to develop breed-
ing populations. One approach is to select desirable sexual hybrids and use simple 
mass selection or half-sib family selection to develop improved populations. Once 
these plants are at a desired level, they will be crossed with appropriate apomicts 
to produce apomictic segregates that will be evaluated as potential cultivars. An-
other approach is to use a recurrent selection scheme to improve both sexua1s and 
apomicts simultaneously in a single population that segregates for method of re-
production (Miles and Valle, 1996; Valle and Miles, 2001). Hanna (1995) discusses 
SEXUAL X APOMICT 
INTERMEDIATES 
SEXUAlS X APOMICTS .. ______________________________ APDMICTS· 
1 I 1 
SEXUAl:S INTERMEDIATES APDMICTS* 
• to be evaluated as potential cultivars 
Fig. 3-4. Diagram of breeding scheme used to produce apomictic cultivars using both obligate and fac-
ultative apomicts (from Voigt and Burson, 1983). 
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these basic breeding schemes in more detail depending upon the genetic control of 
apomixis. Savidan (2001) discusses the models on the basis of using the sexual hy-
brids to increase the diversity in the sexual pool. Additional information on breed-
ing apomictic grasses can be found in the reviews by Bashaw and Funk (1987) and 
Hanna and Bashaw (1987). 
Fertilization of Unreduced Gametes 
An unreduced egg cell in an apomictic embryo sac is occasionally fertilized 
by a sperm nucleus. This phenomenon is often referred to as the fertilization of an 
unreduced egg (2n + n) or Bm hybridization (Bashaw and Hignight, 1990). Fertil-
ization of unreduced gametes has played a major role in the polyploidization and 
evolution of many plant species (Harlan and de Wet, 1975) and is recognized as the 
most common way that ploidy levels are increased in plants, including C4 grasses 
(de Wet, 1979). Not only is the chromosome number increased but the incorpora-
tion of additional genetic material into the unreduced egg cell produces new geno-
types. This phenomenon permits the incorporation of whole alien genome(s) while 
retaining the entire somatic chromosome complement of the apomictic female 
parent. The offspring, usually referred to as Bm hybrids, are unique and genetically 
different from the apomictic maternal parent. In nature, new apomictic ecotypes are 
sometimes produced from this event. 
Since fertilization of an unreduced egg can occur in obligate apomicts, it could 
be a unique way of introducing variability into an apomict; however, the general 
consensus is that it cannot be controlled and occurs too infrequently to be used as 
practical breeding tool (Bashaw and Hignight, 1990). Recent findings indicate that 
Bm hybridization can occur more frequently than previously thought. Bashaw et 
al. (1992) crossed two facultative apomicts, flaccidgrass (Pennisetum flaccidum 
Griseb.) and Pennisetum mezianum Leeke, and recovered 92 Bm hybrids and 109 
(n + n) Bu hybrids. Many of the BIll hybrids were more fertile than the Bu hybrids. 
Martinez et al. (1994) provided some insight into the frequency of this phenome-
non. When apomictic bahiagrass florets were hand emasculated and pollinated, the 
number of Bm hybrids recovered increased when the stigmas were pollinated 2 or 
3 d prior to anthesis. Using protogynous apomictic buffelgrass accessions, Burson 
et al. (2002) also determined that more Bm hybrids were recovered from crosses 
made 2 or 3 d before anthesis, and the frequency of Bm hybridization was 8.2% in 
some genotypes. Kindiger and Dewald (1994) reported the frequency of Bm hy-
bridization in eastern gamagrass, another protogynous apomictic species, was as 
high as 27%. This appears to be species specific because when apomictic common 
dallisgrass florets were emasculated and pollinated 2 or 3 d prior to anthesis, Bm 
hybrids were not recovered (Espinoza and Quarin, 2000). These findings demon-
strate that the frequency ofBm hybridization in some C4 grasses is high enough that 
this phenomenon can be used to improve some apomictic species that do not have 
sexual counterparts. This approach may be most effective in apomictic grasses with 
a protogynous flowering behavior because it allows early pollination. 
Some BIll hybrids are superior to sexual hybrids or apomictic ecotypes. Most 
flaccidgrass x P. mezianum Bm hybrids were more winter hardy and produced more 
forage than Bu hybrids from the same cross (Burson and Hussey, 1996). In the C3 
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grass, Kentucky bluegrass, intraspecific BIll hybrids were more superior for turf char-
acteristics than Bu hybrids and existing apomictic ecotypes (Pepin and Funk, 
1971). Several BIll hybrids were released as improved turfgrass cultivars (Bashaw 
and Funk, 1987). This demonstrates that fertilization of unreduced eggs or Bm hy-
bridization is a potential tool for improving obligate apomictic grasses. In summary, 
breeders of apomictic warm-season grasses have an array of effective breeding tools 
that they can use to develop improved cultivars. 
Transfer of Apomixis to Grain Crops 
Primarily because apomixis permanently fixes heterosis in apomictic hybrids, 
plant breeders working with different grain crops recently became interested in trans-
ferring the genes controlling apomixis into these important cereal crops. Of the im-
portant C4 grain crops, only pearl millet and maize have apomictic wild relatives 
and programs are underway to develop apomictic lines of these crops. At Tifton, 
GA, USDA-ARS and University of Georgia scientists transferred apomixis from 
Pennisetum squamulatum to pearl millet by crossing tetraploid pearl millet with 
apomictic P. squamulatum (Bashaw and Hanna, 1990). A backcrossing program was 
initiated to incorporate desirable agronomic traits into the apomictic F 1 hybrids and 
obligate apomixis was maintained to the BC4 generation (Hanna, 1995) and 
presently is at the BCs generation (W.w. Hanna, personal communication, 2003). 
Eastern gamagrass is an apomictic wild relative of maize and many hybrids 
have been produced between these two species. Originally, the hybrids were made 
to identify the progenitors of maize, but more recently they were made in an attempt 
to transfer apomixis to maize. The first attempt to produce apomictic maize was by 
scientists in the former Union of Soviet Socialist Republics (USSR) (Petrov et aI., 
1985). Some of the Russian maize-Tripsacum germplasm was brought to the USA 
in the 1990s and introgression efforts were continued by USDA-ARS at Woodward, 
OK. A major effect also was initiated in the late 1980s by Institit de Recherche pour 
Ie Developpement (IRD; formerly ORSTOM) and Centro Internacional de Mejo-
ramiento de Maiz y Trigo (CIMMYT) in Mexico. Both programs have produced 
numerous maize-Tripsacum hybrids with varying levels of apomixis, but commer-
cially acceptable apomictic maize has not been produced. See Savadan (2001) for 
an overview of these programs. 
APPLICATION OF MOLECULAR TOOLS TO GRASS BREEDING 
Molecular Genetics Markers 
Plant breeders using conventional plant breeding methods evaluate pheno-
types. A phenotype is the product of the genotype of a plant as it is modified by the 
environment in which it is grown. Heritability estimates provide an indication of 
the magnitude of the environmental effect for a particular trait. For many impor-
tant traits such as yield or IVDMD that are the result of the actions of many genes, 
heritabilities are usually 0.30 or lower which indicates that only 30% of the total 
phenotypic variation that is measured is due to genetic differences among individ-
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uals. The efficiency of plant breeding could be greatly enhanced if breeders could 
directly measure or identify genotypes. Molecular markers can provide breeders with 
the ability to identify desired alleles or quantitative trait loci (QTL) (Brummer, 
1998). Molecular markers are currently being used or their use is being evaluated 
in most of the major grain crops and some initial work has been done in some for-
age crops such as alfalfa (Medicago sativa L.) and tall fescue (Festuca arundinacea 
Schreb.) (Brummer, 1998). The rapidly developing field of genomics includes the 
use of molecular markers and involves an array of sophisticated and expensive tech-
nologies (Liu, 1998). Knapp (1998) presented theory for estimating the probabil-
ity of selecting one or more superior genotypes by using marker assisted selection 
(MAS) and then used this information to estimate the cost efficiency of MAS rel-
ative to conventional phenotypic selection. His results indicate that MAS substan-
tially decreases the resources needed to accomplish a selection goal for a low to mod-
erately heritable trait when the selection goal and the selection intensity are high. 
Most of the MAS research to date is on diploid species or for polyploid species such 
as wheat for which considerable conventional marker data is available. Most for-
age or biomass species are cross-pollinated polyploids and limited conventional 
marker data is available and the use of MAS for these genetically complex species 
will likely be more difficult than for grain and oilseed crops. 
Molecular markers that can be used in forage grasses include restriction 
fragment length polymorphisms (RFLPs), random amplified polymorphic DNA 
(RAPD), amplified fragment length polymorphisms (AFLPs), simple sequence re-
peats (SSRs), single nucleotide polymorphisms (SNPs), expressed sequence tags 
(ESTs), and micro array technology (Wang et aI., 2001). The RFLP markers are use-
ful in studying the plant genome but application of RFLPs in plant improvement is 
limited because using the hybridization-based RFLP probe is slow, highly labor in-
tensive, and requires large amounts of DNA. Several polymerase chain reaction 
(PCR)-based markers such as AFLPs and RAPDs have been developed to overcome 
these limitations. RAPDs are dominant markers and are scored by presence or ab-
sence of a band. A heterozygote cannot be detected with RAPD markers. RFLPs 
are co-dominant markers, that is, they can detect all genotype classes (AA, Aa, aa). 
The main limitation of RAPD markers is their reproducability. The AFLPs are highly 
reproducible PCR based markers. The SSRs (= microsatellites) are PCR -based co-
dominant markers. They are reproducible across populations within the same 
species and genera and are useful for QTL mapping. The SSRs are one to five base 
repeats that can be found in both coding and noncoding DNA sequences of most 
higher organisms. Development of SSR markers requires a significant investment 
of time and money in cloning and sequencing genomic DNA. 
All molecular marker methods have advantages and disadvantages. Large-
scale mapping projects are currently in progress for several grain crops including 
maize and rice (Oryza spp.) but only a limited amount of work has been done to 
date on C4 forage grasses. Molecular marker studies on apomictic species were de-
scribed previously. In sexual warm-season grasses, a chloroplast RFLP marker has 
been identified that can be used to differentiate lowland and uplanQ ecotypes 
(Hultquist et aI., 1996). Gunter et aI. (1996) used a set of RAPD markers to evalu-
ate genetic relationships among released switchgrass cultivars and experimental 
stains. 
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Research to date indicates that genes and their structural organization within 
genomes of Poaceae have a high degree of similarity (Stuber et aI., 1999). Com-
parative maps and mapping information from other species should be very useful 
in developing markers for MAS in warm-season grasses. In addition, significant ad-
vances are being made in understanding the genetic control of cell wall synthesis 
and other traits in model species such as arabidopsis [Arabidopsis thaliana (L.) 
Heynh.] which should enable specific genes to be targeted in MAS. 
Plant Transformation 
Until the last decade, the only genes that were available to a breeder for im-
proving a species in a conventional breeding program were the genes in the plants 
of the species or its close relatives. Genes can be moved between plants of closely 
related species with varying degrees of difficulty. Moving genes between unrelated 
species is not possible using conventional breeding methods. Molecular genetic ap-
proaches have and are making it possible to clone genes from virtually any living 
organism and insert the cloned gene into another organism, including forage plants. 
The transformed plants express the cloned genes and produce the gene products of 
the inserted gene. Molecular genetics and transformation procedures give plant 
breeders the potential to use genes from any organism to improve a plant species. 
An effective transformation system requires a gene delivery system (gene gun 
or Agrobacterium), appropriate tissue and regeneration systems (embryonic callus 
cells or suspension culture cells), desirable genes, promoter genes, and selectable 
marker genes. All components are now available for transformation of forage 
grasses. In forages grasses, transformation until very recently has been accomplished 
by direct uptake of DNA by protoplasts or microprojectile bombardment and most 
of the transformed plants were cool-season grasses or alfalfa (Conger, 1998). Proof 
of the transformation has been by PCR techniques, Northern hybridization analy-
sis of transcribed DNA, Western blot analysis of soluble protein gene products, and 
Southern blot hybridization of total genomic DNA. The most effective transforma-
tion method for dicots has been via Agrobacterium tumefaciens transformation pro-
cedures. Until recently this procedure was not effective for Poaceae because of their 
resistance to Agrobacterium, but Agrobacterium-mediated transformation of rice 
and maize has now been successfully achieved (Conger, 1998; Ye, 2000). The par-
ticle bombardment or gene gun technology was a major advance in the transfor-
mation of monocots. There are several different types but all appear to be effective 
if good protocols are developed. To date, the genes of most interest have been for 
herbicide and insect resistance but genes for modifying forage quality are also of 
interest. 
Transformation systems for C4 grasses are the most advanced for switchgrass 
because of the successful research in the laboratory of Dr. Bob Conger at the Uni-
versity of Tennessee, Knoxville. Efficient and repeatable methods for regenerating 
switchgrass plants from in vitro cultured cells and tissues were developed (Denchev 
and Conger, 1994; Alexandrova et aI., 1996a, 1996b) including the recent devel-
opment of a method for regenerating switchgrass plants from cells in suspension 
culture (Dutta and Conger, \999). Conger's laboratory has transformed switchgrass 
by bombarding switchgrass cells with tungsten particles coated with plasmids 
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psGFP-Bar and pAHC25 and has achieved expression of both green fluorescent pro-
tein (gfp) and uidA which codes for the GUS (beta-glucuronidase) (Richards et aI., 
2001). Transformed plants were produced that were tolerant to the herbicide Basta 
(Bayer Crop Science, Monheim, Germany) (Glufosinate-ammonium) and transmit-
ted this trait to their progeny indicating inheritance of the bar trans gene. Conger 
and his associates also have transformed switchgrass using Agrobacterium-medi-
ated procedures (Somleva et aI., 2002). Although improvements in the technology 
will undoubtably be made, Conger and his associates have developed the basic tech-
nology to employ transformation as a breeding procedure in switchgrass. These tech-
nologies are available for use on other C4 grasses. 
Conger (1998) and others have pointed out that release of transgenic forage 
plants could have environmental effects because many forage plants have wild rel-
atives. Traditionally most of the traits in plants modified by plant breeders includ-
ing dwarfing, absence of dormancy, non shattering seed, and uniform maturity have 
an adaptive disadvantage in the wild. Some traits for which plants could be trans-
formed could have an adaptive advantage in the wild including resistance to biotic 
and abiotic stresses. It is possible that these genes could be transferred to wild rel-
atives via sexual hybridization. Presence of such genes in wild relatives could have 
undesirable economic and environmental consequences. 
Constrains on Use of Genetically Modified Organisms 
There is currently considerable debate over the desirability and safety of trans-
genic plants and the issue is complicated because the arguments against the use of 
genetically modified organisms (GMOs) are based on scientific, economic, polit-
ical, and religious grounds (Duvick, 1999). Regulation, policies, and laws for de-
ployment of transgenic plants vary among nations. As pointed out by Duvick 
(1999), the primary scientific issue is safety. Transformed feed and biomass plants 
must be safe for use by animals (domestic or wild) and also be ecologically safe to 
be used in production systems. They must not have the capacity to develop into super 
weeds. Their potential for affecting germplasm resources also needs to be consid-
ered. 
As an example, switchgrass was associated with the natural vegetation of the 
Great Plains and the western Com Belt, USA (Moser and Vogel, 1995). It was a 
component of the Tallgrass Prairie which existed as an ecosystem for more than 12 
000 yr (Steinauer and Collins, 1996). In less than 100 yr, the Tallgrass Prairie 
ecosytem was largely converted to cultivated cropland. Except in the Great Plains 
states where extensive natural grasslands still exist in some regions, the native prairie 
and grassland sites where switchgrass occurs are scattered remnants. Since 1930, 
the decline (estimated to be 82-99%) in area of the Tallgrass Prairie exceed those 
reported for any other major ecosystem in the USA (Sampson and Knopf, 1994). 
Only about 4% of the pre-settlement Tallgrass Prairie remains. Throughout its for-
mer range, only small scattered fragments remain embedded in the nongrassland 
landscape (Steinaurer and Collins, 1996). Of The Nature Conservancy's 101 Tall-
grass Prairie preserves, 71 are <100 ha and only four are > 1000 ha (Steinaurer and 
Collins, 1996). These small remnant prairies and grasslands constitute the in situ 
germplasm preservation reserve of switchgrass. The situation is similar in the east-
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em regions of the range of switchgrass in the North America and also for other 
warm-season grasses native to areas throughout the world that have been converted 
from grasslands to cultivated grain crop production. 
Because the germplasm base for switchgrass consists of scattered small rem-
nant populations, there is concern among conservation biologists that species in these 
remnant populations could be genetically contaminated by native grass, legume, and 
forb cultivars developed using conventional breeding methods. Frye (2000) recently 
discussed the potential problems that could occur due to gene transfer via seed or 
pollen and they include: (i) loss of genetic diversity by swamping of native geno-
types or by the introduction of aggressive strains; (ii) loss of populations sizes and 
structure through the introduction of deleterious or lethal alleles; (iii) loss of evo-
lutionary potential through genetic homogenization; (iv) unforeseen changes in 
plant-animal interactions; and (v) loss of research potential using native populations. 
Frye (2000) concluded that outbreeding contamination may not be a problem with 
long-lived perennials (such as switchgrass) but could likely be a problem with out-
crossing annual species. The deployment of transgenic switchgrass plants, partic-
ularly if they were altered with genes that could potentially affect fitness, would 
likely be of concern to many environmental groups. 
A technology has been developed that could be used to develop warm-sea-
son grasses that produce seed that is sterile unless it receives a specific treatment 
before it is planted (Service, 1998; Oliver et aI., 1999). Similar technology to pro-
duce wann-season grasses that do not produce viable pollen have not been devel-
oped to date. Male-sterile genes exist in most plants species and it is likely that some 
mechanism involving manipulation of male sterility could be developed. Breeders 
using transformation technologies to develop improved wann-season grass culti-
vars or hybrids will have to meet the regulations and laws of the countries in which 
the transgenic cultivars or hybrids will be deployed. 
SELECTION AND TESTING PROCEDURES 
Breeders attempt to improve one or more specific traits in their breeding pro-
grams. Breeders need to have efficient screens to detect differences among pheno-
types. In the early years of grass breeding, much of the evaluation was done using 
visual scores. The progress that can be made using visual scores is limited. If a trait 
cannot be quantified, it will be difficult to improve. Breeders should use methods 
that enable them to quantify the main traits they are attempting to improve. As an 
example, the use of Near Infrared Reflectance Spectroscopy (NIRS) enables breed-
ers to rapidly obtain estimates of several forage quality traits with a single sample 
(Vogel and lung, 200 I). Breeders often work with scientists in other disciplines such 
as entomologists, pathologists, ruminant nutritionists, and plant physiologists in re-
search teams to achieve specific breeding objectives. 
All grass-breeding products, that is, strains or experimental cultivars, need 
to be thoroughly tested in the target environments under conditions in which they 
will be used. This requires field plot research and pasture trials. Grass breeders have 
relied extensively on small plot trials that have been managed for hay production. 
Most forage grasses have been developed for use in pastures. More grazing trials 
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need to be conducted in the future. The benefits of grazing trials in quantifying the 
economic benefits of an improved grass cultivar are described by Casler and Vogel 
(1999). 
CERTIFICATION AND CULTIVAR PROTECTION 
The limited quantities of seed or plant material that breeders develop need to 
be increased to meet the needs of production agriculture. This increase process is 
usually done under some type of controlled program to ensure that the genetic in-
tegrity of the cultivar is maintained. The procedures that are used differ for sexual 
species, apomictic species, and for vegetative propagated species such as bermuda-
grass. The processes differ for public and private releases cultivars and also differ 
from country to country because of differences in seed laws. Breeders must become 
familiar with and follow the seed laws for the countries in which their cultivars will 
be marketed. Breeders need to establish cooperative relationships with either pub-
lic foundation seed agencies or commercial companies and seed producers who man-
age the seed increase process and produce the seed used in commerce. 
REFERENCES 
Aastveit, A.H., and K. Aastveit. 1990. Theory and application of open-pollination and polycross in for-
age grass breeding. Theor. App!. Genet. 79:618--624. 
Alderson, 1., and W.C. Sharp. 1994. Grass varieties in the United States. Agric. Handb. 170. CRC Press-
Lewis Pub!., Boca Raton, FL. 
Alexandrova, K.S., P.D. Denchev, and B.Y. Conger. I 996a. In vitro development of inflorescences from 
switchgrass nodal segments. Crop Sci. 36:175-178. 
Alexandrova, K.S., P.O. Denchev, and B.Y. Conger. 1996b. Micropropagation of switchgrass by node 
culture. Crop Sci. 36:1709-1711. 
Allard, RW. 1964. Principles of plant breeding. John Wiley & Sons, New York. 
Asker, S.E., and L. Jerling. 1992. Apomixis in plants. CRC Press, Boca Raton, FL. 
Baker, R.J. 1986. Selection indices in plant breeding. CRC Press, Boca Raton, FL. 
Bashaw, E.C. 1962. Apomixis and sexuality in buffelgrass. Crop Sci. 2:412-415. 
Bashaw, E.C. 1968. Registration of Higgins buffelgrass. Crop Sci. 8:397-398. 
Bashaw, E.C. 1980a. Apomixis and its application in crop improvement. p. 45-63. In W.R Fehr and 
H.H. Hadley (ed.) Hybridization of crop plants. ASA, Madison, WI. 
Bashaw, E.C. 1980b. Registration of Nueces and Llano buffelgrass. Crop Sci. 20:112. 
Bashaw, E.C., and C.R Funk. 1987. Apomictic grasses. p. 40-82. In W.R. Fehr (ed.) Principles of cul-
tivar development: Vo!' 2, crop species. MacMillian Pub!. Co., New York. 
Bashaw, E.C., and w.w. Hanna. 1990. Apomictic reproduction. p. 100-130. In G.P. Chapman (ed.) Re-
production versatility in the grasses. Cambridge Univ. Press, Cambridge, UK. 
Bashaw, E.C., and K.w. Hignight. 1990. Gene transfer in apomictic buffelgrass through fertilization of 
an unreduced egg. Crop Sci. 30:571-575. 
Bashaw, E.C., A.W. Hovin, and E.C. Holt. 1970. Apomixis, its evolutionary significance and utiliza-
tion in plant breeding. p. 245-248. In M.J.T. Norman (ed.) Proc. Int. Grass!' Congr., 11th, Surfers 
Paradice, QLD, Australia. 13-23 Apr. 1970. Univ. of Queensland Press, St. Lucia, QLD, Aus-
tralia. 
Bashaw, E.C., M.A. Hussey, and K.W. Hignight. 1992. Hybridization (N + Nand 2N + N) offaculta-
tive apomictic species in the Pennisetum agamic complex. Int. J. Plant Sci. 3:466-470. 
Benedict, H.M. 1941. Effect of day length and temperature on the flowering and growth of four species 
of grasses. J. Agric. Res. 61:661-672. 
Brewbaker,1.L. 1957. Pollen cytology and self-incompatibility systems in plants. J. Hered. 48:271-277. 
Brummer, E.C. 1998. Molecular and cellular technologies in forage improvement: An overview. p. 1-10. 
In Molecular and cellular technologies for forage improvement. In E.C. Brummer et a!. (ed) CSSA 
Spec. Pub!. 26. CSSA, Madison, WI. 
BREEDING AND GENETICS 89 
Burson, B.L., and M.A. Hussey. 1996. Breeding apomictic forage grasses. p. 226-230. In MJ. Williams 
(ed.) Proc. Am. Forage Grassl. Counc., Vol. 5. Vancouver, BC, Canada. 13-15 June 1996. 
AFGC, Georgetown, TX. 
Burson, B.L., M.A. Hussey, J.M. Actkinson, and G.S. Shafer. 2002. Effect of pollination time on the 
frequency of 2n+n fertilization in apomictic buffelgrass. Crop Sci. 42: 1075-1080. 
Burson, B.L., P.W Voigt, R.A. Sherman, and C.L. Dewald. 1990. Apomixis and sexuality in eastern gam-
agrass. Crop Sci. 30:86-89. 
Burson, B.L., and B.A. Young. 2001. Breeding and improvement of tropical grasses. p. 59-79. In A. 
Sotomayor-Rios and WD. Pitman (ed.) Tropical forage plants: Development and use. CRC Press, 
Boca Raton, FL. 
Burton, G. W 1948. The performance of various mixtures of hybrid and parent inbred millet. J. Am. Soc. 
Agron.40:908-915. 
Burton, G.W. 1974. Recurrent restricted phenotypic selection increases forage yields of Pensacola bahi-
agrass. Crop Sci. 14:831-835. 
Burton, G.W 1982. Improved recurrent restricted phenotypic selection improves bahiagrass forage yields. 
Crop Sci. 22:1058-1061. 
Burton, G.W 1986. Developing better forages for the south. J. Anim. Sci. 63:63-65. 
Burton, G.W., 1989a. Progress and benefits to humanity from breeding warm-season forage grasses. p. 
21-29. In D.A. SIeper et al. (ed.) Contributions from breeding forage and turf grasses. CSSA 
Spec. Publ. 15. CSSA, Madison, WI. 
Burton, G.W 1989b. Registration of 'Tifton 9' Pensacola bahiagrass. Crop Sci. 29:1326. 
Burton, G.W., and I. Forbes, Jf. 1960. The genetics and manipulation of obligate apomixis in common 
bahiagrass (Paspalum notatum Fliigge). p. 66-71. In c.L. Skidmore (ed.) Proc. Int. Grassl. Congr., 
8th, Reading, England. 11-21 July 1960. Alden Press, Oxford, UK. 
Caceres, M.E., F. Matzk, A. Busti, F. Pupilli, and S. Arcioni. 2001. Apomixis and sexuality in Paspalum 
simplex: Characterization of the mode of reproduction in segregating progenies by different meth-
ods. Sex Plant Reprod. 14:201-206. 
Casler, M.D., D.R. Buxton, and K.P. Voge!. 2002. Genetic modification of lignin concentration affects 
fitness of perennial herbaceous plants. Theor. App!. Genet. 104:127-131. 
Casler, M.D., and K.P. Vogel. 1999. Accomplishments and impact from breeding for increased forage 
nutritional value. Crop Sci. 39: 12-20. 
Chao, C-Y. 1964. Megasporogenesis, megagametogenesis and embryology in Paspalum orbiculare. 
Acad. Ann. New Asia Col!. 6: 15-25. 
Chao, C-Y. 1974. Megasporogenesis and megagametogenesis in Paspalum commersonii and P. long i-
folium at two ploidy levels. Bot. Notister 127:267-275. 
Chao, C-Y. 1980. Autonomous development of embryo in Paspalum conjugatum Berg. Bot. Notister 
133:215-222. 
Conger, B.Y. 1998. Genetic transformation of forage grasses. p. 49-58. In E.e. Brummer et a!. (ed.) Mol-
ecular and cellular technologies for forage improvement. CSSA Spec. Pub!. 26. CSSA, Madi-
son, WI 
Cornelius, D.R., and e.O. Johnston. 1941. Differences in plant type and reaction to rust among several 
collections of Panicum virgatum L. J. Am. Soc. Agron. 33: 115-124. 
Darlington, e.D. 1939. The evolution of genetic systems. Cambridge Univ. Press, Cambridge, UK. 
Denchev, P.O., and B.Y. Conger, 1994. Plant regeneration from callus culture of switchgrass. Crop Sci. 
34:1623-1627. 
de Nettancourt, D. 1977. Incompatibility in angiosperms. Springer-Verlag, New York. 
Dewald, c.L., P.L. Sims, and WA. Berg. 1995. Registration of 'WW-B.Dahl' Old World bluestem. Crop 
Sci. 35:937. 
Dewald, C.L., P.L. Sims, WA. Berg, and L.M. White. 1988. Registration of 'WW-Iron Master' Old World 
bluestem. Crop Sci. 28:189-190. 
Dewald, c.L., P.L. Sims, P.I. Coyne, and WA. Berg. 1985. Registration of 'WW-Spar' bluestem. Crop 
Sci. 25:707. 
de Wet. 1960. Cytogeography of Themeda triandra in South Africa. Phyton 15:37-42. 
de Wet, J.MJ. 1979. Origins ofpolyploids. p. 3-15. In WH. Lewis (ed.) Polyploidy: Biological rele-
vance. Plenum Press, New York. 
Dewey, D.R. 1984. The genomic system of classification as a guide to intergeneric hybridization with 
the perennial Triticeae. p. 209-279. In J.P. Gustafson (ed.) Gene manipUlation in plant improve-
ment. 16th Stadler Genetics Symp., Columbia, MO. Plenum Press, New York. 
Dodds, P.N., A.E. Clark, and E. Nebigin. 1997. Molecules involved in self-incompatibility in flower-
ing plants. Plant Breed. Rev. 15: 19-42. 
90 VOGEL & BURSON 
Dutta G.S., and B.v. Conger. 1999. Somatic embryogenesis and plant regeneration from suspension cul-
tures of switchgrass. Crop Sci. 39:223-227. 
Duvick, D.N. 1999. How much caution in the fields? Science (Washington, DC) 286:418-419. 
Eberhardt, S.A., and L.C. Newell. 1959. Variation in domestic collections of switchgrass, Panicum vir-
gatum L. Agron. 1. 51:613-616. 
Espinoza, F., and C.L. Quarin. 2000. 2n+n hybridization of apomictic Paspalum dilatatum with diploid 
Paspalum species. Int. J. Plant Sci. 161:221-225. 
Evers, G.W., and B.L. Burson. 2004. Dallisgrass and other Paspalum species. p. 681-714. In L.E. Moser 
et al. (ed.) Wann-season (C4) grasses. Agron. Monogr. 45. ASA, CSSA, and SSSA, Madison, 
WI. 
Falconer, D.S. 1981. Introduction to quantitative genetics. 2nd ed. Longman, New York. 
Fasoulas, A.C., and V.A. Fasoulas. 1995. Honeycomb selection designs. Plant Breed. Rev. 13:87-139. 
Fehr, WR (ed.) 1987. Principles of cultivar development. Vol. 1. MacMillian Publ. Co., New York. 
Fehr, WR., and H.H. Hadley (ed.) 1980. Hybridization of crop plants. ASA and CSSA, Madison, WI. 
Fisher, W.D., E.e. Bashaw, and E.e. Holt. 1954. Evidence for apomixis in Pennisetum ciliare and 
Cenchrus setigerus. Agron. 1. 46:401-404. 
Frye, C.T. 2000. Non-native genotypes and outbreeding depresssion in plants: Theoretical and impiri-
cal issues. p. 26-38. In J.e. Ritchie et al. (ed.). Proc. of the Second Eastern Native Grass Symp., 
Baltimore, MD. 17-19 Nov. 1999. Agric. Res. Servo And Natural Resources Conserv. Serv., 
USDA, Beltsville, MD. Available at http://purl.access.gpo.gov/GPOILPSI2575 (verified 12 
Feb. 2004). 
Gardner, C.O. 1961. An evaluation of effects of mass selection and seed irradiation with thennal neu-
trons on yields of com. Crop Sci. 1 :241-245. 
Gould, F.W. 1975. The grasses of Texas. Texas A&M Univ. Press, College Station. 
Greenham, 1., and G.P. Chapmen. 1990. Ovule structure and diversity. p. 52-75. In G.P. Chapman (ed.) 
Reproduction versatility in the grasses. Cambridge Univ. Press, Cambridge, UK. 
Grimanelli, D., O. Leblanc, E. Espinosa, E. Perotti, D. Gonzalez de Leon, and Y. Savidan. 1998a. Non-
Mendelian transmission of apomixis in maize-Tripsacum hybrids caused by a transmission ratio 
distortion. Heredity 80:40-47. 
Grimanelli, D., O. Leblanc, E. Espinosa, E. Perotti, D. Gonzalez de Leon, and Y. Savidan. 1998b. Map-
ping diplosporous apomixis in tetraploid Tripsacum: One gene or several genes? Heredity 
80:33-39. 
Griffiths, D.J., RA.D. Pegler, and T. Tonguthaisri. 1971. Cross compatibility between diploid and 
tetraploid perennial ryegrass (Lolium perenne L.). Euphytica 20: 102-112. 
Gunter, L.E., G.A. Tuskan, and S.D. Wullschleger. 1996. Diversity among populations of switchgrass 
based on RAPD markers. Crop Sci. 36:1017-1022. 
Gustine, D.L., R.T. Sherwood, and D.R Huff. 1997. Apospory-linked molecular markers in buffelgrass. 
Crop Sci. 37:947-951. 
Hallauer, A.R., and J.B. Miranda. 1981. Quantitative genetics in maize breeding. Iowa State Univ. Press, 
Ames. 
Hanna, W.W. 1995. Use of apomixis in cultivar development. p. 333-350. In D.L. Sparks (ed.) Advances 
in Agronomy. Academic Press, New York. 
Hanna, WW, and E.C. Bashaw. 1987. Apomixis: Its identification and use in plant breeding. Crop Sci. 
27:1136-1139. 
Hanna, WW, 1.B. Powell, J.C. Millot, and G.W Burton. 1973. Cytology of obligate sexual plants in 
Panicum maximum Jacq. and their use in controlled hybrids. Crop Sci. 13:693-697. 
Hanson, A.A., and H.L. Carnahan. 1956. Breeding perennial forage grasses. USDA-ARS Tech. Bull. 
1145. U.S. Gov. Print. Office, Washington, De. 
Harlan, J.R, M.R. Brookes, D.S. Borgaonkar, and J.MJ. de Wet. 1964. The nature and inheritance of 
apomixis in Bothriochloa and Dichanthium. Bot. Gaz. (Chicago) 125 :41-46. 
Harlan, J.R, and J.MJ. de Wet. 1975. On 0 wing and a prayer: The origins of polyploidy. Bot. Rev. 
41:361-391. 
Hayman, D.L. 1992. The S-Z incompatibility system. p. 117-137. In G.P. Chapman (ed.) Grass evolu-
tion and domestication. Cambridge Univ. Press, Cambridge, UK. 
Heslop-Harrison, J. 1982. Pollen-stigma interaction and cross-incompatibility in the grasses. Science 
(Washington, DC) 210:1358-1364. 
Hopkins, A.A., C.M. Taliaferro, e.D. Murphy, and D. Christian. 1996. Chromosome number and nu-
clear DNA content of several switchgrass populations. Crop Sci. 36: I 049-1 052. 
Hopkins, A.A., K.P. Vogel, and KJ. Moore. 1993. Predicted and realized gains from selection for in 
vitro dry matter digestibility and forage yield in switchgrass. Crop Sci. 33:253-258. 
BREEDING AND GENETICS 91 
Hopkins, A.A., K.P. Vogel, K.J. Moore, K.D. Johnson, and I.T. Carlson. 1995. Genetic variability and 
genotype x environment interactions among switchgrass accessions from the Midwestern USA 
Crop Sci. 35:565-571. 
Hultquist, SJ., K.P. Vogel, OJ. Lee, K. Arumuganathan, and S. Kaeppler. 1996. Chloroplast DNA and 
nuclear DNA content variations among cultivars of switchgrass, Panicum virgatum L. Crop Sci. 
36: 1049-1052. 
Hultquist, SJ., K.P. Vogel, D.E. Lee, K. Arumuganathan, and S. Kaeppler. 1997. DNA content and chloro-
plast DNA polymorphisms among accessions of switchgrass from remnant Midwestern prairies. 
Crop Sci. 37:595-598. 
Hussey, M.A., E.C. Bashaw, K.W Hignight, and M.L. Dalmer. 1991. Influence of photoperiod on the 
frequency of sexual embryo sacs in facultative apomictic buffelgrass. Euphytica 54: 141-145. 
Jessup, R.W, B.L. Burson, G.B. Burrow, Y-W Wang, C. Chang., Z. Li, AH. Paterson, and M.A. Hussey. 
2002. Disomic inheritance, suppressed recombination, and allelic interactions govern apospory 
in buffelgrass as revealed by genome mapping. Crop Sci. 42: 1688-1694. 
Jessup, R.W, B.L. Burson, G.B. Burrow, Y-W Wang, C. Chang., Z. Li, AH. Paterson, and M.A. Hussey. 
2003. Segmental allotetraploidy and allelic interactions in buffelgrass fPennisetum ciliare (L.) 
Link syn. Cenchrus ciliaris L.J as revealed by genome mapping. Genome 46:304-313. 
Johnston, S.A., T.P.N. de Nijs, S.J. Peloquin, and R.E. Hanneman, Jr. 1980. The significance of genic 
balance to endosperm development in interspecific crosses. Theor. Appl. Genet. 57:5-6. 
Kindiger, B., and c.L. Dewald. 1994. Genome accumulation in eastern gamagrass. Tripsacum dacty-
loides (L.) L. Genetica 92:197-201. 
Knapp, SJ. 1998. Marker-assisted selection as a strategy for increasing the probability of selection using 
superior genotypes. Crop Sci. 38: 1164-1174. 
Knox, R.B., and J. Heslop-Harrison. 1963. Experimental control of aposporous apomixis in a grass of 
the Andropogoneae. Bot. Notiser 116:127-141. 
Koltunow, A.M., and U. Grossniklaus. 2003. Apomixis: A developmental perspective. Annu. Rev. Plant 
BioI. 54:547-574. 
Leblanc, 0., D. Grimanelli, D. Gonzalez-de-Leon, and Y Savidn. 1995a. Detection of the mode of re-
production in maize-Tripsacum hybrids using maize RFLP markers. Theor. Appl. Genet. 
90: 1198-1203. 
Leblanc, 0., M.D. Peel, J.G. Carman, and Y Savidan. 1995b. Megasporogenesis and megagametoge-
nesis in several Tripsacum species (Poaceae). Am. 1. Bot. 82:57-63. 
Liu, B.H. 1998. Statistical genomics: Linkage, mapping, and QTL analysis. CRC Press. Boca Raton, 
FL. 
Lu, K., S.M. Kaeppler, K.P. Vogel, K. Arumuganathan, and OJ. Lee. 1998. Nuclear DNA content and 
chromosome numbers in switchgrass. Great Plains Res. 8:269-280. 
Lundqvist, A.l956. Self-incompatibility in rye. I. Genetic control in the diploid. Hereditas 42:293-348. 
Lundqvist, A.l957. Self-incompatibility in rye. II. Genetic control in the tetraploid. Hereditas 
43:467-511. 
Martinez, E.J., F. Espinoza, and c.L. Quarin. 1994. Bill Progeny (2n+n) from Pw.palum notalum ob-
tained through early pollination. J. Hered. 85:295-297. 
Martinez-Reyna, 1.M., and K.P. Vogel. 1998. Controlled hybridization technique for switchgrass. Crop 
Sci. 38: 876-878. 
Martinez-Reyna, J.M., and K.P. Vogel. 2002. 1ncompatiblity systems in switchgrass. Crop Sci. 
42:1800-1805. 
McMillian, C. 1959. The role of ecotypic variation in the distribution of the central grassland of North 
America. Ecol. Mono. 29:285-308. 
Meyer, WA., and C.R. Funk. 1989. Progress and benefits to humanity from breeding cool-season grasses 
forturf. p.31-48. In D.A. Sieper et a!. (ed.). Contributions from breeding forage and turf grasses. 
CSSA Spec. Pub!. 15. CSSA, Madison, WI. 
Miles, J.W, and C.B. do Valle. 1996. Manipulation of apomixis in Brachiaria breeding. p.l64-177.1n 
J.W Miles et a!. (ed.) Brachiaria: Biology, agronomy, and improvement. CIAT-EMBRAPA, Cali, 
Colombia. 
Miles, 1.W, C.B. do Valle, I.M. Rao, and V.P.B. Euclides. 2004. Brachiariagrasses. p. 745-784. In L.E. 
Moser et al. (ed.) Warm-season (C4) grasses. Agron. Monogr. 45. ASA, CSSA, and SSSA, Madi-
son, WI. 
Moore, K.J., KJ. Boote, and M.A. Sanderson. 2004. Physiology and development morphology. p. 
179-216. In L.E. Moseret a!. (ed.) Warm-season (C4) grasses. Agron. Monogr. 45. AS A, CSSA. 
and SSSA, Madison, WI. 
92 VOGEL & BURSON 
Moser, L.E., and K.P. Vogel. 1995. Switchgrass, big bluestem, and indiangrass. p. 409-420. In R.F Barnes 
et al. (ed.) Forages, 5th ed. Vol. I: An introduction to grassland agriculture. Iowa State Univ. Press, 
Ames. 
Muir, J.P., and L. Jank. 2004. Guineagrass. p. 589-622. In L.E. Moser et al. (ed.) Warm-season (C4) 
grasses. Agron. Monogr. 45. AS A, CSSA, and SSSA, Madison, WI. 
Nakagawa, H. 1990. Embryo sac analysis and crossing procedure for breeding apomictic guineagrass 
(Panicum maximum Jacq.). JARQ 24:163-168. 
Nakagawa, H., N. Shimizu, and WW Hanna. 1993. Cytology of 'Natsukaze' guineagrass (Panicum max-
imum), a natural apomictic hybrid between a sexual and an apomictic plant. 1. Jpn. Soc. Grassl. 
Sci. 39:374-380. 
Newell, L.C. 1968. Effects of strain source and management practice on forage yields of two warm-
season prairie grasses. Crop Sci. 8:205-210. 
Nielsen, E.L. 1944. Analysis of variation in Panicum virgatum. 1. Agric. Res. 69:327-353. 
Nogler, G.A. 1984. Gametophytic apomixis. p. 475-518. In B.M. Joshi (ed.) Embryology of an-
giosperms. Springer-Verlag, Berlin. 
Norrmann, G.A., O.A. Bovo, and c.L. Quarin. 1994. Post-zygotic seed abortion in sexual diploid x 
apomictic tetraploid intraspecific Paspalum crosses. Aust. J. Bot. 42:449-456. 
Oliver, M.J., 1.E. Quisenberry, N.L.G. Trolinder, and D.L. Keirn. 1999. Control of gene expression. U.S. 
Patent 5 723 765. Date issued: 3 Mar. 1998. 
Ozias-Akins, P., E.L. Lubbers, WW Hanna, and 1.W McNay. 1993. Transmission of the apomictic mode 
of reproduction in Pennisetum: co-inheritance of the trait and molecular markers. Theor. Appl. 
Genet. 85:632-638. 
Ozias-Akins, P., D. Roche, and WW Hanna. 1998. Tight clustering and hemizygosity of apomixis linked 
molecular markers in Pennisetum squamulatum implies genetic control of apospory by diver-
gent locus that may have no allelic form in sexual genotypes. Proc. Natl. Acad. Sci. (USA) 
95:5127-5132. 
Pepin, G.W., and C.R. Funk. 1971. Intraspecific hybridization as a method of breeding Kentucky blue-
grass (Poa pratensis L.) for turf. Crop Sci. II :445-448. 
Pessino, S.c., C. Evans, 1.P.A. Ortiz, I. Armstead, C.B. do Valle, and M.D. Hayward. 1998. A genetic 
map of the apospory-region in Brachiaria hybrids: Identification of two markers closely asso-
ciated with the trait. Hereditas 128:153-158. 
Petrov, D.F, E.S. Fokina, and N.I. Belovsova. 1985. Experimental production of apomixis in corn, Dok-
lady Akad. Nauk SSSR, 281, 509, (Doklady Bot. Sci., 281, 31). 
Poehlman, J.M. 1987. Breeding field crops. 3rd ed. AVI Publ. Co., Westport, CT. 
Pupilli, F, M.E. Caceres, C.L. Quarin, and S. Arcioni. 1997. Segregation analysis of RFLP markers re-
veals a tetrasomic inheritance in apomictic Paspalum simplex. Genome 40:822-828. 
Pupilli, F, P. Labombarda, M.E. Caceres, C.L. Quarin, and S. Arcioni. 200l. The chromosome segment 
related to apomixis in Paspalum simplex is homoeologous to the telomeric region of the long 
arm of rice chromosome 12. Mol. Breed. 8:53-6l. 
Quarin, C.L. 1986. Seasonal changes in the incidence of apomixis of diploid, triploid, and tetraploid 
plants of Paspalum cromyorrhizon. Euphytica 35:515-522. 
Quarin, C.L., F Espinoza, E.J. Martinez, S.c. Pessino, and O.A. Bovo. 2001. A rise of ploidy level in-
duces the expression of apomixis in Paspalum notatum. Sex. Plant Reprod. 13:243-249. 
Richards, H.A., Y.A.Rudas, H. Sun, J.K. McDaniel, Z. Tomaszewski, and B.Y. Conger. 2001. Construc-
tion of a GFP-BAR plasmid and its use for switchgrass transformation. Plant Cell Rep. 20:48-54. 
Riley, R.D., and K.P. Vogel. 1982. Chromosome numbers of released cultivars of switchgrass, india-
grass, big bluestem and sand bluestem. Crop Sci. 22: 1081-1083. 
Sampson, F, and F Knopf. 1994. Prairie conservation in North America. BioScience 44:418-42l. 
Sato, H., N. Shimizu, H. Nakagawa, and K. Nakajima. 1990. A new registered cultivar "Natsukaze" of 
guineagrass (Panicum maximum) [Japan]. JARQ 23: 196-201. 
Savidan, Y.H. 1983. Genetics and utilization of apomixis for the improvement of guineagrass (Panicum 
maximum Jacq.). p. 182-184. In J.A. Smith and Y.W Hayes (ed.) Proc. Int. Grassl. Congr., 14th, 
Lexington, KY. 15-24 June 1981. Westview Press, Boulder, CO. 
Savidan, Y. 2000. Apomixis: Genetics and breeding. p. 13-86. In J. Janick (ed.) Plant breeding reviews. 
John Wiley & Sons, New York. 
Savidan, Y. 200l. Transfer of apomixis wide crosses. p. 153-167. In Y. Savidan et al. (ed.) The flow-
ering of apomixis: From mechanisms to genetic engineering. CIMMYT, IRD, European Com-
mission DG VI (FAIR), Mexico, DF 
Schutz, W.M., and c.c. Cockerham. 1966. The effect of field blocking on gain from selection. Biomet-
rics 22:843-846. 
BREEDING AND GENETICS 93 
Service, R.E 1998. Seed-sterilizing 'terminator technology' sows discord. Science (Washington, DC) 
282: 850-851. 
Sherwood, R.T. 200 I. Genetic analysis of apomixis. p. 64-82. In Y Savidan et a!. (ed.) The flowering 
of apomixis: From mechanisms to genetic engineering. CIMMYT, IRD, European Commission 
DG VI (FAIR), Mexico, DE 
Sherwood, R.T., c.c. Berg, and B.A. Young. 1994. Inheritance of apospory in buffelgrass. Crop Sci. 
34:1490-1494. 
Simpson, C.E., and E.C. Bashaw. 1969. Cytology and reproductive characteristics of Pennisetum se-
taceum. Am. J. Bot. 56:31-36. 
Sieper, D.A. 1987. Forage grasses. p.161-208. In WR. Fehr (ed.) Principles of cultivar improvement. 
Macmillian Pub!. Co., New York. 
Smith, R.L. 1972. Sexual reproduction in Panicum maximum. Crop Sci. 12:624-627. 
Snyder, L.A. 1957. Apomixis in Paspalum secans. Am. J. Bot. 44:318-327. 
Snyder, L.A., and J.R. Harlan. 1950. A cytological study of Bouteloua gracilis from western Texas and 
eastern New Mexico. Am. 1. Bot. 40:702-707. 
Somleva, M.N., Z. Tomaszewski, and BY Conger. 2002. Agrobacterium-mediated genetic transforma-
tion of switchgrass. Crop Sci. 42:2080-2087. 
Steinauer, E.M., and S.L.Collins. 1996. Prairie ecology-The tallgrass prairie. p. 40-52. In EB. Samp-
son and EL. Knoph (ed.) Prairie conservation. Preserving North America's most endangered 
ecosystem. Island Press, Washington, DC. 
Stuber, C.W, M. Polacco, and M.L. Senior. 1999. Synergy of empirical breeding, marker-assisted se-
lection, and genomics to increase crop yield potential. Crop Sci. 39: 1571-1583. 
Swenne, A., B-P Louant, and M. Dujardin. 1981. Induction par la colchicine de formes autotetraploides 
chez Brachiaria ruziziensis Germain et Evrard (Graminees). Agron. Trop. 36: 134-141. 
Taliaferro, C.M., and E.C. Bashaw. 1966. Inheritance and control of obligate apomixis in breeding buf-
felgrass. Crop Sci. 6:473-476. 
Taliaferro, C.M., and J.R. Harlan. 1973. Registration of Plains bluestem. Crop Sci. 13:580. 
Taliaferro, C.M., EM. Rouquette, Jr., and P. Mislevy. 2004. Bermudagrass and stargrass. p. 417-476. 
In L.E. Moser et al. (ed.) Warm-season (C4) grasses. Agron. Monogr. 45. ASA, CSSA. and SSSA, 
Madison, WI. 
Taliaferro, C.M., K.P. Vogel, J.H. Bouton, S.B. McLaughlin, and G.A. Tuscan. 1999. Reproductive char-
acteristics and breeding improvement potential of switchgrass. p. 147-153. In R.P. Overend and 
E. Chornet (ed.) Biomass-A growth opportunity in green energy and value-added products. Proc. 
Biomass Conf. of the Americas, 4th, Oakland CA. 29 Aug.-2 Sept. 1999. Elsevier Sci. Ltd, 
Kidlington, Oxford. 
Tischler, C.R., and B.L. Burson. 1995. Evaluating different bahiagrass cytotypes for heat tolerance and 
leaf epicuticular wax content. Euphytica 84:229-235. 
Tischler, c.R., and W.R. Ocumpaugh. 2004. Kleingrass, blue panic, and vine mesquite. p. 623-650. In 
L.E. Moser et al. (ed.) Warm-season (C4) grasses. Agron. Monogr. 45. ASA, CSSA, and SSSA. 
Madison, WI. 
Valle, C.B. do, and J.W Miles. 200 I. Breeding of apomictic species. p. 137-152. In Y Savidan et al. 
(ed.) The flowering of apomixis: From mechanisms to genetic engineering. CIMMYT, IRD, Eu-
ropean Commission DG VI (FAIR), Mexico, DE 
Valle, C.B. do, and YH. Savidan. 1996. Genetics, cytogenetics, and reproductive biology of Brachiaria. 
p. 147-163. In l.W Miles et al. (ed.) Brachiaria: Biology, agronomy, and improvement. CIAT-
EMBRAPA, Cali, Colombia. 
Vielle, J.-Ph., B.L. Burson, E.C. Bashaw, and M.A. Hussey. 1995. Early fertilization events in the sex-
ual and aposporous egg apparatus of Pennisetum cWare (L.) Link. Plant J. 8:309-316. 
Visser, N.C., and J.J. Spies. 1998. Uneven segregation of chromosomes: A possible source of aneuploidy 
in Cenchrus ciliaris (Poaceae: Paniceae). S. Afr. J. Bot. 64: 130-136. 
Vogel, K.P. 2000. Improving warm-season grasses using selection, breeding, and biotechnology. p. 
83-106. In KJ. Moore and B. Anderson (ed.) Native warm-season grasses: Research trends and 
issues. CSSA Spec. Publ. 30. CSSA and ASA, Madison, WI. 
Vogel, K.P. 2004. Switchgrass. p. 561-588. In L.E. Moser et al. (ed.) Warm-season (C4) grasses. Agron. 
Monogr. 45. ASA, CSSA, and SSSA, Madison, WI. 
Vogel, K.P., HJ. Gorz, and EA. Haskins. 1989. Breeding grasses for the future p.l 05-122. In D.A. Sieper, 
K.H. Asay, and J.E Pedersen (ed.J Contributions from breeding forage and turf grasses. CSSA 
Spec. Pub!. 15. CSSA, Madison, WI. 
Vogel, K.P., EA. Haskins, HJ. Gorz, B.A. Anderson, and J.K. Ward. 1991. Registration of 'Trailblazer' 
switchgrass. Crop Sci. 31: 1388. 
94 VOGEL & BURSON 
Vogel, K.P., and H.G. Jung. 200 I. Genetic modification of herbaceous plants for feed and fuel. Crit. Rev. 
Plant Sci. 20: 15-49. 
Vogel, K.P., and J.F. Pedersen. 1993. Breeding systems for cross-pollinated perennial grasses. Plant Breed. 
Rev. 11:251-274. 
Voigt, P.w., and E.C. Bashaw. 1972. Apomixis and sexuality in Eragrostis curvula. Crop Sci. 12:843-847. 
Voigt, P.w., and B.L. Burson. 1983. Breeding of apomictic Eragrostis curvula. p. 160-163. In J.A. Smith 
and V.w. Hayes (ed.) Proc. Int. Grassl. Congr., 14th, Lexington, KY. 15-24 June 1981. West-
view Press, Boulder, CO. 
Voigt, P.W., B.L. Burson, and R.A. Sherman. 1992. Mode of reproduction of lehmann lovegrass. Crop 
Sci. 32:118-121. 
Wang, Z.Y., A. Hopkins, and R. Mian. 2001. Forage and turf grass biotechnology. Crit. Rev. Plant Sci. 
20:573-619 
Warmke, H.E. 1954. Apomixis in Panicum maximum Jacq. Am. J. Bot. 41 :5-11. 
Weimarck, A. 1968. Self-incompatibility in the Gramineae. Hereditas 60:157-166. 
Wricke, G., and W.E.Weber. 1986. Quantitative genetics and selection in plant breeding. Walter de 
Gruyter, Berlin, New York. 
Young, B.A., R.T. Sherwood, and E.C. Bashaw. 1979. Cleared-pistil and thick-sectioning techniques 
for detecting aposporous apomixis in grasses. Can. 1. Bot. 57:1668-1672. 
